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ABSTRACT
The existence of resonant, baroclinic, equatorially-trapped inertia-
gravity waves (discovered by Wunsch and Gill (1976)) is confirmed in the
mid-Pacific by spectral analysis of long sea level records. The energy
of the low-mode inertia-gravity waves is found to decrease toward the ,
meridional boundaries. A simple spectral model, acknowledging the disper~
sive characteristics of the equatorial waves, adequately reproduces the
observed mid-Pacific sea level spectra in the 1-6 day band. Model spectra
computed at latitudes outside the equatorial waveguide of the gravest meri-
dional modes suggest the presence of "inertial" peaks in several observed
sea level spectra. Resonant, low-mode inertia-gravity waves may also
exist in the ,Indian Ocean.
Sea level fluctuations along the Pacific equator are found to have
Kelvin wave characteristics in the 35-80 day band, and, in particular,
propagation from the western Pacific to the coast of South America is
observed. The Kelvin waves are atmospherically-forced in the centra1-
western Pacific and have a computed equivalent depth corresponding to
the first-baroc1inic mode.
Outside of
air pressure in
planetary mode.
with respect to
the equatorial mid-Pacific, a non-static ocean response to
the 4-6 day band is dominated by a basin-wide, barotropic,
The low Q of this mode suggests that the ocean is viscous
large-scale barotropic oscillations.
The dynamical components of the observed long-period tides have been
isolated for the first time using the "self-consistent" equilibrium tide
of Agnew and Farrell (1978). The tides are slightly non-equilibrium with
large horizontal scales. The relatively short-scale Rossby modes predicted
by Wunsch (1967) are not observed, perhaps because of the poor spatial
coverage of the dataset. Considering the low Q of the 4-6 day planetary
basin mode, it is suggested that the long-period tides are frictionally-
controlled.
""~
Q
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Tne 4- and 5-day equatorial inertia-gravity waves, the 35-80 day
Kelvin waves and the 4-6 day planetary basin mode are clearly atmospherical-
ly forced, and, perhaps surprisingly, they are forced by atmospheric waves
that have similar horizontal structures, 1. e., 4-5 day Rossby-gravity
"J
,.
3waves, 40-50 day Kelvin waves and a 5-day global barotropic mode. The
surface expressions of these atmospheric waves are determined in order to
understand the nature of the oceanic response, e.g., resonant or forced.
Much of the information about the surface atmospheric fields that has
been collected, including frequency-wavenumber descriptions, awaits an
accurate model of the coupling between wind stres~ and internal ocean
waves.
Thesis
Ti t le :
Supervisor: Carl Wunsch
Head, Department of Earth and
Planetary Sciences
Cecil and Ida Green Professor
of Physical Oceanography
4Acknowledgments
I am grateful to Carl Wunsch for providing the opportunity,
inspiration, resources, and critical guidance without which this
dissertation could not have been attempted, might have faltered
among numerous peripheral issues and would certainly never have
been completed. It is rare to find a scientist who, af,ter achieving
a high level of success, still retains the imagination, patience
and curiosity necessary to decipher and improve the mental machina-
tions of students such as I.
Charles Eriksen, Joe Pedlosky, Jim Luyten, Ed Harrison, Claude
Frankignoul and Kit O'Neill provided useful comments at various
stages during the progress of this work.
Data was generously provided by Klaus Wyrtki (University of
Hawaii), David Pugh (Institute of Oceanographic Sciences), the
National Ocean Survey and the National Climatic Center.
Monetary support for this research was provided by the National
Science Foundation through contract OCE73-0l384. At various times,
tuition and living expenses were paid by funds from the NSF contract
above, the Office of Naval Research (contract N00014-C-75-029l), the
Cecil and Ida Green Professorship in Earth Sciences, the J. P. Luther
Educational Fund and by an M.I.T. Educational Tuition Award.
Kit O'Neill offered detailed editorial comments on the various
drafts of this work. She tirelessly assisted in the production of
the final manuscript. I am also grateful to Deborah Gillett for her
help in the preparation of the final manuscript at crucial times. I
cannot overestimate the value of the personal support provided to me
by both these women and my family.
5Table ofContènts
Abstract. . . . .
. . . . 2
Acknowledgments .
. . . . ..... 4
List of Figures .
. . . .
. . . . 8
List of Tables. .
. . . .
. . . .
. . . .
. 12
CHAPTER 1. INTRODUCTION
A. General . . . . . ............. ........
. 13
B. Free Oscillations in the Tropics; Review of Linear Theory . 19
CHATER 2. ATMOSPHERIC OSCILLATIONS AT THE TROPICAL SEA SURFACE
A. Introduction. . . .......
. . . . . . . . .
. 31
1. Organization
. . . .
. 33
2. Da tase t preliminaries. . .
. . . . ......
. . 34
B. 3.5- to 7-Day Periods
. . 37
1. Rossby-gravity and Easterly waves.
. . 37
a. Wavenumber estimates. . . .
..... 41
b. Amplitude estimates; annual and interannual
variability; Q. . . . . . . . . . . . .. .
. . 46
2. Global five-day pressure waves
47
C. 7- to 20- Day Periods. .
. . . 54
D. 20- to 90-Day Periods .
......
. . . . 57
E. Frequency - Wavenumber Spectra of Equatorial Surface
Winds and Pressure. . . . . . . . .. . . . . . . . . . . . . . 65
CHAPTER 3. OCEANIC OSCILLATIONS AT THE TROPICAL SEA SURFACE
A. Introduction. . . . . ..... ......
. 71
1. Sea Level Dataset. .........
. 74
6B. The Long-Pedod Tides . 79
l. Data analysis. . . ........ 81
2. Observed Fortnightly (Mf) tide ......... 86
3. Brief remarks on the dynamics of the fortnightly tide. 98
4. Observed monthly (Mr) tide . . 99
5. Observed nine-day tide . .
. 101
6. Conclusions and discussion on the long-period t.ides. .
. 104
C. Barotropic Normal Modes . . . . . . . . . . . . . . .
. l05
1. Test for a static response to atmospheric pressure 106
2. Possible planetary basin modes . . . .. . .
. 111
3. Wavenumber es timates of the oceanic wave . 116
4. Power density. . . . . . . . . . . 118
5. Conclusions and discussion 123
D. Observations and Models of Equatorial Inertia-Gravity Waves . . 125
1. Identification of Pacific sea level spectra peaks as inertia-
gravity waves by comparing observed and predicted periods. . 129
2. Zonal variations of inertia-gravity wave energy in thePacific. . . . . . . . . . . . . . . . . . 135
3. Meridional structure of the gravest inertia-gravity modesin the Pacific . . . . . . . . . . . . . . . . . . 139
¡,
-r,4. Identification of higher meridional modes, n:; 2. 145
5. Inertia-gravity wave signals in Indian Ocean sea level data. 148
6. Sea level deflection due to higher vertical modes. 153
7. Zonal wavenumbers and bandwidths . ......... 158
8. Temporal variability of 4-5 day inertia-gravity power. 163
9. Frequency bandwidths of the inertia-gravity peaks. 167
10. Observations of forcing. 169
ll. Summary and discussion . 173
712. Spectral models of equatorial inertia-gravity waves. . . . .176
a. Simple model to explain observed sea level spectra. . . .177
b. Off-equatorial sea level inertial peaks . . . . . .
.183
c. Comparison of Eriksen's (1979) model spectrum with
observed sea level spectra. . . . . . . . . .
.185
d. Caveats . . . . . . .
. . 188
E. Equatorially-Trapped Waves at Periods of 7-80 Days in the
Pacific
1. 6.5~7.5 Day inertia-gravity wave?
.190
2. 9-10 Day Rossby-gravity wave? ..... .191
3. 35-80 Day Kelvin waves . . . .
.192
CHAPTER 4. CONCLUS IONS . . . . . . . . . . . . . . . . . . . . . . . . .199
References
.203
.210Biographical Note
8List of Figures
Figure
1.1 Dispersion relations for equatoria1ly-trapped waves. . . . . . . 30
2.1 Power density spectrum of Canton north wind. . . . . . . . . . . 32
2.2 Maps indicating positions of stations in the central Pacific
and Indian Oceans. . . . . . . . . . . . . . . 35
2.3 Power density spectra of north wind from Pacific stations.. 38
2.4 Power density spectra of north wind from Indian Ocean stations - . .40
2.5 Coherence of north wind between Canton and Betio . . . . . . 43
2.6 Zonal wavenumber estimates, from north wind coherence in the
and 4-5 day band, plotted against zonal station separation, for
2.7 selected Pacific station pairs . . . . . . . . . . . . . . . . . 44
2.8 Seasonal power density spectra of north wind from Canton, and
power density spectra of selected one-year segments of Canton
north wind . . . . . . . . . . . . . . . . . . .. .. . . . 48
2.9 Theoretical meridional structure of the s'
planetary wave for c:~ 0 and t =10 . . . .
= I, nt = 2
. . . . . 50
2.10 Power density spectra of air pressure from selected Pacific and
Indian Ocean stations.. .... . ... . . . . . . 5l
2.11 Coherence of air pressure between Wake and Canton. . . . . . . . 52
2.12 Wavenumber spectrum of air pressure in the 4.6-6.0 day band
using Pacific stations . . . . . . . 53
2.13 Wavenumber spectrum of north wind from Canton, Arorae, Betio
and Ocean in the 7.4-8.8 day band. . . . . . . . . . . . . . 56
2.14 Power density spectra of east wind from Pacific stations . . 58
2.15 Power density spectra of east wind from Indian Ocean stations. . 60
2.16 Coherence of east wind between Canton and Betio. . . . 62
2.17 Wavenumber spectrum of east wind from Canton, Arorae, Betio
and Ocean in the 40-55 day band. . . . . . . . . . . . . . . . . 62
2.l8 Superimposed coherences of air pressure between Kwaj aleiu and
Canton, and Wake and Midway. . . . . . . . . . .. ..... 64
2.19 Zonal wavenumber versus frequency contour plots of air pressure
'and wind power density using Pacific stations. .. ..... 67
9List of Figures (continued)
Figure
2.20 Superposition of smoothed zonal wavenumber versus frequency
plots of surface winds in the equatorial Pacific and the
dispersion relations of the theoretical, first-baroclinic
mode, equatorially-trapped waves. 70
3.1 Power density spectrum of sea level from ChristmasI land. 72
3.2 Maps showing locations of sea level stations in thePacific. 76
3.3 Map showing location of sea level stations in the IndianOcean. 77
3.4 Estimates of admittance of the fortnightly (K) tide in
the tropical Pacific plotted against longitude. . 92
3.5 Estimates of Mf admittance in the Pacific plotted againstlatitude. 94
3.6 Power density spectrum of sea level from Truk. I02
3.7 Sea level coherence between Kwajalein and Wake. . 107
3.8 Sea level coherences between Guam and Truk, and betweenBalboa and Talara. I08
3.9 Coherences between sea level and surface air pressure atTruk and Galapagos. 109
3.10 Sea level coherencesbetween Honolulu and San Francisco, andbetween Canton and Balboa. . 112
3.11 Wavenumber estimates of the 4-6 day barotropic norml
mode, using coherence phases, plotted against zonalstation separation distance. l19
3.12 Sea level power density spectra from, and coherencebetween, Eniwetok and Wake. 121
3.13 Surface displacement eigenfunction for the gravest,
symtric, barotropic planetary mode of a hemisphericalbasin centered on the equator. 124
3.14 Sea level coherence between Midway and Johnston. 126
3.15 Sea level power density spectra from Pacific stationsthat exhibit probable inertia-gravity peaks. . 130
Figure
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28
3.29
3.30
3.31
10
List of Figures (continued)
Sea level power density spectra from selected Pacific
stations tû demonstrate zonal variations of inèrtia-
gravity power. .
Theoretical meridional structure of the meridional mode
n=2 for two possible values of the first-baroclinic
mode equivalent depth.
Superposition of Pacific sea level spectra from selected
stations demonstrating background level variations.
Comparison of the observed meridional distribution of
sea level power, at 4 and 5 days, with theory.
Sea level power density spectra of two 2-year records
from Christmas.
Sea level spectra from near-equatorial stations in the
Indian Ocean.
Superposition of sea level spectra from islands at similar
latitudes in the Pacific and Indian Oceans.
The magnitude of the sea surface displacement divided by
the maximum internal displacement plotted against mixed-
layer depth, assuming the stratification is modeled as a
decaying exponential with depth. .
Line spectrum of sea level displacement for the first
three baroclinic modes.
Sea level coherence. between Christmas and Canton, and
between Canton and Arorae. .
Sea level spectra of l-year-long records from Canton
Sea level spectra of consecutive l-year-Iong records
from Christmas.
Sea level spectra of 152 days of Christmas data computed
with different frequency-band averaging intervals.
Seasonal sea level spectra from Canton.
Coherence between sea level and surface winds at Canton. .
Computed inertia-gravity wave sea level spectra, from the
model (3.20), superimposed on observed sea level spectra
from the equatorial Pacific (Figure 3.l5). .
136
.140
.142
.144
.147 '
.149
.152
.157
157
160
165
165
166
166
170
18!
11
List of Figures (continued)
Figure
3.32 As in Figure 3.31, but for off-equatorial Pacific spectra
from Kwajalein and Eniwetok. 184
3.33 Computed inertia-gravity wave sea level spectra, using
Eriksen's (1979) model, superimposed on observed sea
level spectra from Canton and Christmas in the Pacific. 187
3.34 Computed inertia-gravity wave sea level spectra, using
both the model (3.20) and Eriksen's model, superimposed
on observed sea level spectra from Gan and Port
Victoria in the Indian Ocean. . 189
3.35 Sea level spectra from Canton, Christmas, and eastern
Pacific stations. 193
3.36 Sea level coherences between selected equatorial Pacific
stations. 1~5
Table
2.1
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
12
Lis t of Tables
Weather dataset information. . . . . . . . . . . . . . . . . .
Locations and time intèrvals of sea level records. . . . .
Selected linear long-period tides:
the 2-90 day band . . . . . . . .
the seven strongest in
.......
Fortnightly (Mf) tide amplitudes and admittances for
stations in the Pacific and Indian Oceans. .
Comparison of observed Mf admittances in the Pacific with
previously published estimates . . . . . . . . . . . . . .
Mf tide at Canton computed from successive one year records. .
Monthly (Mm) tide amplitudes and admittances for stations
in the Pacific and Inòian Oceans . . . . . . . . .
Nine-day tide amplitudes and admittances for stations in
the Pacific and Indian Oceans. . . . .. . . . .
Coherence amplitude and phase between sea level and
surface air pressure in the 4-6 day band. . . . . . .....
Eigenfrequencies of the gravest planetary modes in a
homogeneous, flat-bottomed ocean with dimensions on the
order of the Pacific . . . . . . . . . . . . . . . . . .
Coherence amplitude and phase between sea level stations
(3.5-6.0 day band) . . . . . . . . . . . . . . . . . . .
Observed and predicted periods of inertia-gravity sea level
peaks. . . . . . . . G . . . . . . . . . . . . .
3.12 Periods of inertia-gravity peaks in sea level spectra of
two-year-long records from Christmas . . . . .
3.13 Equivalent depths of the first four baroclinic modes for
different stratification models. . . . . . . .
3.14
3.15
3.16
Sea level coherence amplitude and phase between "mid-
Pacific" stations for the n = 1 and 2 modes. . . . . .
. . . .
Coherence amplitudes and phases between sea level and surface
winds at Canton in the 3.5-7 day band. . . . . . . . . . .
Sea level coherence amplitude and phase between equatorial
Pacific stations that have significantly non-zero coherence
amplitude in the 35-80 day band. . . . . . . . . . . . . . . .
36
75
81
87
90
96
100
'.
103
110
114
117
~,.
.~tr
f\
134
146
155
162
173
196
13
CHATER 1
INTRODUCTION
A. General
Baroclinic waves that are dynamically confined to low latitudes
have stimulated the imaginations of oceanographers and meteorologists
alike, but for different reasons. Meteorologists have long believed
that equatorially-trapped waves at periods of 5 to 15 days force
longer period fluctuations of the atmospheric circulation (for a
good review, see Holton (1975)), but a similar process in the ocean
has only recently been suggested (Philander (1976), Wunsch (1978)).
The theoretically important, yet largely unobserved, oceanic role of
equatorial waves is their efficient and rapid zonal redistribution of
the ocean's response to changing surface winds. This role derives
from several properties. Freely propagating equatorial waves can be
found at all frequencies, whereas at mid-latitudes a spectral gap
exists between free inertia - gravi ty and Rossby waves. The
zonally without large losses in amplitude due to meridional
J
~
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equatorial trapping, like a waveguide, enables signals to propagate
dispersion. And the short time scales of the low-mode baroclinic
equatorial waves imply rapid zonal propagation, the waves' most
distinguishing feature in comparison with mid-latitude baroclinic
waves.
Much of the theoretical work on the dynamics of equatorial
waves incorporates unrealistic assumptions and neglects significant
features of the real ocean environment. For example, the expansion
14
of the long-period atmospheric forcing and oceanic response in terms
of vertical normal modes has a questionable physical basis (Philander,
(1978), Wunsch (1978)). (Notably, Wunsch's (1977) model of the
equatorial Indian Ocean response to an annual period wind is based on
the likelihood that normal modes cannot be established in a dissipative
environment when the vertical group veloci tles are small.) The poorly
understood process of how the surface wind momentum is physically
transferred through the boùndary layer to produce large-scale motions
in the int,erior of the equatorial oceans is frequently, and
inaccurately, modeled by simply assuming the wind stress is evenly
distributed in a surface mixed-layer. The dynamical consequences of
realistic topography have also g'enerally been ignored. Each ocean
contains one or more ridges of varying steepness that cross the
equator at nearly right angles. Aside from the probability that broad,
rough ridges inhibit vertical mode formation, the ridges presumably
alter the zonal propagation characteristics of equatorial waves.
Identifying narrow-band (in frequency) examples of equatorially-
trapped waves and discriminating their propagation characteristics and
energy sources in the real spatially-varying, rough-bottomed oceans
may shed light on the general questions of how the equatorial oceans
respond to changes in the surface winds and how efficiently
equatorial waves will redistribute the responses. Information on the
structure of narrow-band oscillations in the equatorial oceans is
also needed to evaluate the possibility that the waves interact with
the long-period flows. What we learn about the structure of the low
15
vertical mode equatorial inertia-gravity waves in the presence of
rough topography, such as the East Pacific rise and the Solomon Plateau,
is of direct relevance to studies of mid-latitude internal waves.
This dissertation details an investigation of long-period waves
in the tropical oceans. Consequently, the motivation just discussed
belies the true scope of the work which must distinguish barotropic
oscillations as well. The study is restricted to periods of 1 to 90
days to exclude the daily tides and the annual cycle from consideration.
In order to investigate phenomena with periods longer than 90 days
the datasets should be extended in length.
Descriptions of the surface atmospheric fields are obviously
required to understand forced ocean waves. In particular, the
frequency-wavenumber spectra of the winds and pressure at sea level
are needed. This information is not available from previous studies,
so Chapter 2 is devoted to extracting frequency-wavenumber information
from island station weather observations.
The emphasis in Chapter 2 is on delineating the surface amplitude,
,~t
:r\
structure, and spatial and temporal variability of narrow-band (in
frequency and wavenumber) atmospheric motions in the tropics (wi thin
150 of the equator). There are physical and pragmtic reasons for
concentrating on the narrow-band signals.
First, research in the past decade has resulted in the discovery
of a number of narrow-band oscillations in the tropical atmosphere.
These oscillations can force oceanic motions if they have sufficient
amlitudes to dominate the power spectra, or are sufficiently
16
narrow-band in wavenumber space to dominate the atmospheric cross-
spectra, at the sea surface. If their time and space scales are
equivalent to the scales of oceanic normal modes, then resonance in
the ocean is possible. The results from the analysis of weather
observations tended to direct the search for narrow-band oceanic
oscillations. Subsequent discovery of an oceanic wave is then more
credi ble since the forcing function is already known.
Second, the dataset was collected from island stations in the
Pacific and Indian Oceans, where stations are generally separated by
hundreds to thousands of kilometers. Consequently, wide-band wavenumber
phenomena will not be strong in the cross-spectra and their properties
cannot be estimated confidently. Estimates of wavenumber spectra of
winds and pressure for the entire 1-90 day band are included in
Chapter 2, even though the estimates have weak statistical
significance for many frequencies.
The results in Chapter 2 may be of interest to meteorologists
irrespecti ve of oceanographic applications, because new information
on the properties of atmospheric waves is reported. Only a small
portion of the information on the surface atmospheric fields that has
been collected is reported in Chapter 2, however, since it contains only
information that is utilized in Chapter 3 for studying forced ocean
waves.
Long-period waves in the tropical oceans are studied in Chapter 3
using tide gauge records of sea level fluctuations from Pacific and
Indian Ocean island and coastal stations. The sea level data,
particularly in conjunction with available cotemporal surface wind
'"
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and air pressure observations, constitute a largely untapped reservoir
of information on oceanic variability and air-sea interaction (but
see Wyrtki (1975, 1977 and others)). There are, of course,
limitations to what can be learned from measurements of sea level.
Sea level displacements due to free baroclinic equatorial waves are
proportional to the square root of the "equivalent depth."; in other
words, sea level responds with larger amplitudes to the large-vertical-
scale motions. The spatial coverage of available sea level measurements
is n9t very dense, so that we are limited by the sea level dataset to
studying large horizontal and vertical scale phenomena. On the other
hand, thelow~mode filtering effect of sea level increases the expected
horizontal coherence between stations (assuming the vertical modes are
independent). Ironically, in this study of data from the 1950' sand
1960' s, the limiting factor in determining sea level-weather
relationships is the lack of sea level data, whereas current aggressive
programs of sea level measurement in the tropics are failing to obtain
cotemporal measurements of surface weather.
Equatorially-trapped waves are not the only oceanic phenomena that
can produce sea level fluctuations. Consequently, the analysis of
sea level data in Chapter 3 is approached with the broad objective of
sorting out barotropic and baroclinic fluctuations, that are not
equatorially confined, from the free equatorial waves. * For example,
Philander (1978) suggested that the long-period ocean tides may be
basin modes which have largest amplitudes at the equator and coasts.
*Steric fluctuations are not considered.
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At the least, deterministic tidal signals can significantly mislead
the unwary analyst searching for propagating waves in the tropics.
The long-period tides, including the linear monthly (Mm), biweekly (r1f)
and nine-day tides, are tabulated in Chapter 3 and discussed in
relation to current theories. We suggest that the linear long-period
tides may be frictionally controlled.
The cross-spectra of sea level between many stations suggest the
presence of an oceanic oscillation at 4-6 days thrughout the Pacific
basin. The importance of this oscillation as a "noise" in the
equatorial band and its intrinsic importance as a passi ble basin mode,
require a thorough investigation of the oscillation's properties, in
Chapter 3, before analyzing the sea level measuremnts for equatorial
waves. Evidence of a barotropic planetary mode o~ the Pacific basin
at 4-6 days period is presented. The 4-6 day mode crucially affects
our conclusions as to the longitudinal structure of the equatorially-
trapped inertia-gravity waves.
Chapter 3 continues with confirmtion of the existence of low-mode,
equatorially-trapped inertia-gravity waves in the Pacific Ocean. Zonal
variation of the low-mode energy is significant, sugesting attenuation ¡,
J\
by rough topography, by reflection from convoluted meridional
boundaries, or both. The presence of high meridional, first-baroclinic
modes, to periods as small as one day, and second-baroclinic modes is
suggested by the observed sea level spectra in conjunction with a
simple spectral modeL. It is suggested that first-baroclinic mode
inertia-gravity waves may be established in the Indian Ocean. Zonal
wavenumbers and bandwidths, and annual and interannual variability of
the strongest inertia-gravity waves in the Pacific are estimated.
19
The arguments for inertia-gravity wave resonance in the Pacific ar'e
fully sumarized.
Comparison of the observed sea level spectra with Eriksen's (1979)
model of inertia-gravity wave energy at the equator points out some
possible improvements to the model.
Evidence of 35-80 day Kelvin waves concludes Chapter 3.
Propagation from the central Pacific along the equatorial waveguide to
South America is suggested by the sea level cross-spectra. The
oscillation is apparently forced by an atmospheric Kelvin wave of
similar frequency.
The results of this research are sumarized in Chapter 4.
Topics for future research, suggested throughout this work, are
collected there.
B. Free Oscillations in the Tropics; Review of Linear Theory
The presentation in this section of the horizontal structures and
dispersion relations of free oscillations on an equatorial beta-plane
facili tates comparisons with the observations in the next two chapters.
In addition, the similarity between the physics of atmospheric and
i
oceanic oscillations is emphasized here.
Assuming a rotating globe is covered by a thin layer of an ideal
compressible fluid or gas in local thermodynamic equilibrium, the
conservation of momentum, mass and thermodynamic energy are described
by the equations:
~
-0 ~ i.i..v · -tv~ - VY'
..
(I. i))+ + ".V" 'l + F
.. + y. Vi A V .. (1.2.)1- t ." a 0
) l-
~ "
.. V"
- ,1 CH. l ~.V() = G- (1.3).! + ii. P
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where V:¡ (û i v, w ) =: ve loci ty toward (east, north, outward); p =.
" d . 'I ~pressure; e.. ensity; .. gravitational potential; Jl;; angular
velocity of the Earth; c e speed of sound.
~ includes variations that drive tidal fluctuations, but for now
~ _ g(r-a), where g is a constant, r is the radial coordinate and a
.A
is the Earth's radius. F represents body forces, such as friction,
~
but for now F a o. Addi tional forcing can enter via the boundary
condi tions. G represents changes in energy in a volume due to the
net accession of heat (and salinity in the ocean), but G g 0 here.
The velocity, pressure and density fields are each comprised of
a basic state plus a small perturbation:
(C,v,~,S,t)= (iÃ,v,W,P,() ~ (u,,,,1.,p,e)
The basic state is assumed motionless and hydrostatic. The perturbation
fields are small enough so that (1.1)-(1.3) can be linearized.
The hydrostatic or "traditional" approximation (Eckart (1960))"
corresponding to the limit of a vanishingly thin fluid layer, eliminates
the radial component of the particle acceleration, the tangential
~i
metrical coefficients from (1.1)-(1.3). The validity of the hydrostatic
components of the Coriolis force, and the radial variation of the
"
j;
approximation and neglect of the Earth's ellipticity are demonstrated
by Veronis (1973) and Miles (1974) for long period oscillations.
Miles gives a particularly complete analysis of the parametric limit
process involved i~ the thin-layer approximation, including a
demonstration of higher-order coupling, via the tangential Coriolis
21
terms, between barotropic and baroclinic oceanic modes. More restrictive
assumption! in the present work are that the bottom boundary is smooth
and rigid, the latter being relaxed for the long-period tides.
Equations (1.1)-(1.3), valid for both the atmosphere and ocean,
have now been reduced to the following forms, in spherical coordinates,
~IA ' \ .l (i.4ci)- - .11ls\\' Q v ::
- êiii:os eH .) 9' J
~v" l.JsiY\Øu :: _ -L le (1.41.)H ~a. dB
0 :: _ .b
- t~ (I.~c.)ch
.4 + "" U :; /" V .. (i. s)H at - t . v ,
.1 (.u~\V AL) :: k .. \V dl ) (I. b)c1. H a~ ~+ d;:
where (tP¡6,i:) = (east longitude, north latitude, r-a) ; .n ~ 11i \ i
and
'V- v = i (~i. + 1. (Vc.os 9)1~ + d\o(leos e d~.)8 '/ a 2- (1.7)
d-The hydrostatic equation for the basic state is cl~ =- -t~
In both the atmosphere and the ocean,ê in (1.4) and (1.5) is
replaced by ¡Õ (z), incurring an error less than the error due to
(unecessary) simplification t = constant in (1.4) and (1. 5), which
L
.~~
f
neglecting the nonlinear terms. Oceanographers frequently make the
adds only a trivial error.
Eliminating t andw from (1.4c), (1.5) and (1.6) yields
_ ~ r (Nt;, + ~/c J. + ~a) pl .. -t V ll . V = 0dlh L N1. (1.9)
where iv. v :. T:. ~ - bt and N( z) is the Brunt-VHisHl!1.II a~
frequency:
Nt ( l): (- ~ ll - i: )l~" C i (1.10)
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Of (1.4a), (1.4b) and (1.9), only (1.9) has vertical derivatives,
suggeating the separation of variables
tlAiVipJ =Re r;~;;1U'(919,l),V', èP'll (1.1/)
(Note that t and ware simple functions of p, using (1. 4c) and (1. 6) ,
such that \ ~~
e: - ~ 1;
'W:. .. (.i.¡ l.) li
lN'(~) c1 ~¡,).¡
( 1.11)
and
.. J (1.11)
Substituting (1.11) into (1.4a), (1.4b) and (1.9) yields\ ' J p'
~u+ _ :i.. s;Y\ éV' = - \ -: (/.1L.)d QC01 e (1'1)v' .. ~f'
-l 1.J Siii ~ U i : -Jt ~ Je , (l. , 5')
J (1.1")
J (1./7 )
speed squared;
'p'
1+ + õ1.VIl'(V',V')..O
and
1~ l (N'ï"J + N~/cS + )/a1l: 1 + i~~) = 0
where l1 is a separation constant having units of
f~;¡ gh, where h is the so-called "equivalent depth" in
analogy with the homogeneous ocean problem where h equals the ocean
depth. Equations (1.14)-(1.16) are the familiar Laplace Tidal
Equations (LTE) and are usually reduced to a single equation for
V' or pi, after assuming sinusoidal time and longitude dependences.
Let (U', Vi, p') = (u(e), V, P)e;5,-iCol , where s is longitudinal
wavenumber in cycles/ earth circumerence and ~ = angular frequency;
then eliminating U and V from LTE gives
l(p)+ EP =0 (i.lrA)
where
J -L l (c:o.se L) + I. (.1 d1.+1in'8 _ L)'! CtJJ9 de O"i._,inlS d9 a'z-SI~z8 (l lr1-sin'" co,'~ (i.1b)
-i-
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and
__ (J ,/V :. ..~ .J 4.J1.a 1-E 'i
') h
(1932, Art. 210).
is often called Lab's
parameter, after Lamb
The boundary condition that P be bounded at the poles
(e = ~ 1 ) with (1.18) define an eigenfunction-eigenvalue problem
with é or d as eigenvalue, depending upon the application. Equation
(1.18) does not have simple analytic solutions, except for certain
limi ts of the parameter E. Longuet-Higgins (1968) has numerically
solved (1.18) for a complete range of E, indicating when simple asymptotic
forms obtain. Ph iJander (1978, Appendix B) sumari zes the knmm
simplifications to (i.i8) that yield analytic solutions.
Studies of ocean waves often begin by solving an approximate
form of the vertical structure equation (1.17), obtained by invoking
the Boussinesq approximation. Phillips (1977) recapitulates the
scaling arguments that allow the left hand sides of (1.5) and (1.6)
to be neglected, thus elimnating the first two terms in parentheses
in (1.17) and the first term in parentheses in (1.13). The solutions
to the resultant (1.17) subj ect to the boundary conditions,
and le :0 (~\yH
t\+ ~~ 0
(I.I~Q)
(1.1% )
L
:~~
.l¡
W"=O a+ r'" -0
where D = ocean depth, are a discrete set of eigenfuctions with ê
as eigenvalue. The subsequent solutions of (1.18) with c fixed
(~ as eigenvalue) are referred to as Hough fuctions after the
pioneering work of Hough (in 1897 and 1898) who solved LTE in the
limit "-+tl (h~O).
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Alternatively, as in studies of atmospheric waves ( see Chapman
and Lindzen (1970)), (1.18) is solved first with 6 as eigenvalue
(d and s are determined by the forcing), which may now take posi~ive
or negative values for vertically propagating or trapped solutions of
(1.17), respectively. (The set of eigenfunction solutions to (1.18) with E.
as eigenvalue are also referred to as Hough functions even though they
differ markedly from the set of eigenfunctions with E fixed and
frequency as eigenvalue, as pointed out by Philander (1978).)
The vertical structure equation (1.17) is transformed to a form
more familia~ to meteQrologists by use of the lineari zed equation of
state, p = e R T ;: (9h and (1.10). Then (1.17) becomes
d r (d% + I ~ H ~ ) t (~)J
Jr L ~ (d.%i- ~ )(,) -t
lJL
'J h
%0
J (1.1.00)
where the thermodynamc symbols have the usual meanings.
For an isothermal atmosphere, H is constant and (1.20a) becomes
d'll-ø
-t
d i'l ( :h 4~1)tO =0 J (i. 2.0 b)
in canonical form, where l(l-) % to (-l) ~¡(P i- i-/:iHJ .
Equation (1.2Gb) is identical to equation (23) in Lindzen (1967),
with the exception of his forcing term. The atmospheric vertical
structure equation can be put in a simpler form than (1.200) using
a slightly different approach to the reduction of the equations of
motion (Chapman and Lindzen (1970) , Holton (1975)).
Simple soluÚons to the Laplace Tidal Equations obtain for
special limits of Lamb's parameter, E. For instance, as €.~+co
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(h ~ +0) the solutions are accurately approximated by solutions to
LTE cast on an equatorial p-plane. Even for relatively large
values of h the equatorial ß-plane solutions are reasonable
approximations to the spherical coordinate solutions (Longuet-Higgins
(1964)). Replacing cose with 1 and sinG with e in (1.14)-(1.16)
produces the equatorial ß -plane equations
JU' ,
_ 1. It' (1.1.. )- i..JeV =
~t 0. Jr¡
~VJ + i.J'e U' " _ -l l.' CU,I\,)
~t Q JG
~p' h I ~Vd)V'J - (u Ie:)of ~ - t - -0,H q èl¡- J&
The typical ß-plane equations differ in form from (1.21) in that ø
and e are usually approximated by x/a and y/a (with no additional
error), and p is defined as 2n/a, but for later convenience this
substitution is not made here.
Assuming that the solutions are sinusoidal in time and
longi tude, using (1.11),
f '1:: Re 1 ~(~l fU' v' -pill :z R ~ t(f) S ute) V -pL e.ì5f-:w+) , (i."~)
(U,V)PJ t(~)) i t J ~l eLi-) L ~ i it r ""
where wand 5 are defined as before, equations (1.21) easily reduce
to a single equation for v(e), in canonical form,
i/" V
d 71
+ (E '/i. (J"J _ 51-
-¡ - -i - ~2) V :: 0rt f: '/.. L , (1.;U)
where 7 = f:'(-¡ e (Occasionally, it is more convenient to work with
the equation for P(8); see Wunsch (1977).) Equation (1.23) is most
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commonly known as the Parabolic Cylinder Equation or Schrödinger IS
Equatio~ for a simple harmonic oscillator (see Bender and Orszag (1978)).
Valid equatorial solutions, for which V(i).. 0 as i~l40 nO ,
exist if and only if
. 5/"'1.. r¥2. _t: v - (;'hcr 52-
€'/" :: :iVl-l I , h::O,"lJ'" . (1. Lj )
In fact, Lindzen (1967) noted that physically valid solutions must begin
to decay before i~i= l~rlJ where /1,1 is the magnitude of 7 at the poles.
Consequently, there exists an upper bound for the meridional mode number,
n, for every f, or a lower bound on E (upper bound art h) for every
value of n.
The solutions of (1.23) which decay for large t are a subset of
the parabolic cylinder functions, that is, Hermite functions (Miller
(1972)), which are the product of a Gaussian and a Hermite polynomial,
~1h
Vh -: Vc- e I-" ('1)
-f d-
': V t. 1-(. l-l\ (E ý~ e) , "'''0,',1".. ) (/. 2.5-)
where \( is a complex constant. The Hermite polynomials sati sfy the
following recursion relations:
1, ~" (1) :: ,,1' H,,_, (,)
~ti~1 (1) :: ? 7 ~" (7.) - 1-vi liVl_1 ("I)
J (i.Uct)
(i.HI')
The first five Hermite polynomials are
H :: Io H ::7-7I J H :: '/72-i.i. J
(l.,~(.)H ., 'íizJ-Ii.'13 H'j :: "1'1 - t.'l~1. ., 11.
5' 3
Hs-" J:7 ~ 1607 + IÂOV¡
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From (1.2l~ expressions for U and P in terms of V can be obtained:
~\I V) '1'81.
lJ1/) . (~ de - fa' e . '1'1 V -~ - t, ~..+I /'1ft9 "-I = iE e(EO'1.- sa) c: E.'IiU-s .. n H... i 1E'I,,,.. S -j , (/,'27Q),
and
IcrJv -seV)
p. (9) ~-il1i.Q ~' deri ('=0"1 _ S L )
't.(J'l
= i ¡¡ E'/'1 V e.-~- r ~"~i/i - ~ H..i 1
~ c. l""a"-S ,'ILO'+s (1.176)
(For use in Chapter 3, an expression for sea-surface displacement
is obtained from the linearized boundary condition (1.19b); thus
1= ~~(o) ~ ,~(ø~!rl(o)eì5f-ì~+ p(f))l
. J (1,1. r)
If € has been determined from the vertical structure equation, as
in most oceanic applications, E will assume an infinite discrete set
of values, € r, where r is baroclinic mode number. For each Ë ~
there exists the set of solutions defined by (1.25) (plus a Kelvin wave
to be discussed shortly), and this set satisfies the orthogonality
.. 00( f -f i
J V.. V.- J 1, 1-.. i-.. ed' "'
-cD -00 S..ri i II ti I .f
L
,:~t
"-
J\
~' ¡.
condition
(1.19..)
If, instead, E is the eigenvalue of the horizontal structure equation
(1.23), as in atmospheric work, then each solution, V_ , defined by (1.25)
is associated with a different value of ~, i.e.; Eft. Then the Vn
sati sty the following orthogonality condition (Philander (1918)):
DO
f (r/i._tJa)Vh (E..'l.e) 
V.. (€~/'l())JQ: ~..,,' 1" ii! fi la-1- 2:l-1 e-t¡"J E01/". (/.~%)
-le
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The "turning" or "critical" latitude beyond which (1.23) is
elliptic, admitting only decaying solutions, is given by
Gc. "" J 6-'1'" (:ih + i) ,11:,0,1,2.,..'. (1.30)
Solutions to the vertical structure equation in the ocean yield
€It1... 4 (1'''5" kir) for the barotropic mode and E '/1. ) 19 c; (i- ( I ""de..)
for the baroclinic modes. From (1.30), e, - i ~o for the barotropic,
lowest meridional, mode and eC. '" 3.5" for the baroclinic, lowest meridional
mode. So the baroclinic modes are clearly described as equatorially-
trapped as long as the meridional mode number, n, is not too large,
whereas the barotropic mode is only weakly confined to the tropics and
is never well described as equatorially-trapped. In the atmosphere,
a typical value for 6'/'1 is 66(h.. 20m), so a-7" and the waves are
confined to the equatorial zone.
A solution to the equatorial f3-plane equations (1.'2\) which is
lost in the reduction to (1.23) is the equatorial Kelvin wave, for
which v =.0 Solving (1.21), with VI = 0, yields
_ E'I' fJ 1.
U' (e):: A (cP- It t) e-¡ (1.11..)
and -€/"'e'lpi (g) " A (rp - !f t) e i: lj
(1.1.11,)
where A(x) is an arbitrary function. This solution emphasizes the
most important fact about Kelvin wave kineniat'ics:the speed of
propagation is independent of wavenumber so the form of the wave
propagates intact, without dispersion. The Kelvin wave dispersion
'i-
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relation in obviously
'/i5=E. if (1.37)
The dispersion relation (1.32) can be derived from (1.24) by
setting n = -1. Hence the Kelvin wave solution is often identified
as the n = -1 root. Note that two extraneous solutions of (1.24),
occurring when n = -1 and 0, have been discarded. Both solutions
have u fields increasing exponentially away from the equator and
for both s = - € '/2 0' .
The properties of the di spersion relations, Le. ,
S "'
'/1. ct
'" '" - i (1.1.)E ,
S" 6'h if -i I1=CJ ( L33~)0-
E '/i (J 2.
5 5 '2 J.n+-l h "', ", 3, .. - ('.~3b)-
E'" (J
- ::
€ '/1
have been examined in detail by Lindzen (1967) and Holton (1975)
wi th regard to atmospheric applications, and by Moore and Philander
(1977) and Philander (1978) with regard to oceanic applications.
Consequently, a full review is not necessary, but a few points
need to be made. Assuming E is fixed by the vertical structure equation, ,
"
,.,
"-~
.;;~
~
~rl
:-,.
(1.32) and (1.33) are plotted in Figure 1.1. For n ) 0, the solid
'ILlcurves correspond to inertia-gravity waves, if .J E. cr :: \
or Rossby waves, if Jî £If'trJ ( I . The Kelvin wave is indicated as
the n = -1 root. The n = 0 root is termed a mixed Rossby-gravi ty,
or Yanai, wave root, since for Ji ~ Y'ltf ') I (l. I) the wave dynamically behaves
as an inertia-gravity (Rossby) wave. The dashed curves represent
the real and imaginary parts of the wavenumber as functions of
frequency when the wavenumber is complex, that is, when
4 E ifL¡ - i- e'h. q-1. (1.Yl+I) -I i .( 0 1'::1,2.,3,... (i. i II )
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Waves with complex zonal wavenumbers exist only at meridional
boundaries and are therefore important in the oceans (Moore (1968),
Moore and Philander (1977)) .
y 3.5
Figure 1.1 - Plot of dispersion relations (1.32) - (1.33). The abscissa
is the scaled wavenumber, X- i~ 5 , in units of cycles/circumference
LE .. (1-i,âl.l. The ordinate is scaled frequency, Y:ç'/~a', where a' is non-
dimerisional frequency and is numerically equivalent to %~ where T is
the period in days. The meridional mode number n is indicated. For ~ ~ I
s is a complex number for a specific range of d (see text). The real
part of the complex s, the dashed hyperbola dS- -Y2 , is independent of n
as indicated. The imaginary part is also shown dashed.
, For the first-baroclinic mode, if the equivalent depth hi a 0.8 m
(t:,:~'l.2.1 ..1' ) then £'/~=11.2. Therefore, the zonal wavenumber, s,
and period, T, are easily obtained from the figure, using
s = £"~ X. · 18.2 X.
and T~ ~ = ~iY Y
.:.
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CHAPTER 2
ATMOSPHERIC OSCILLATIONS AT THE TROPICAL SEA SURFACE
A. Introduction
Numerous narrow-band (in frequency and wavenumber) atmospheric oscil-
lations have been observed in the tropics. Some of these oscillations,
with large amplitudes in the troposphere, have non-zero surface amplitudes.
The power density spectrum of north wind at Canton Island, for example,
displays the sea-level expression of 4-5 day period tropospheric waves
(Figure 2.1). Other atmospheric waves, with small Q*, are not so clearly
evident in the power spectra at sea level, yet dominate the cross-spectra
between stations due to their narrow-band wavenumber structures. Any
atmospheric oscillation prominent in surface auto- and/or cross-spectra
may force an oceanic oscillation with similar narrow-band structure.
Whether the relatively organized atmospheric waves generate oceanic waves
more efficiently than a completely random forcing function has not been
determined. It will be shown in Chapter 3 that equatorial oceanic oscil-
lations are coherent with the surface atmospheric fields only at those I
"
I
I
periods corresponding to the atmospheric waves, discussed in this chapter,
which have strong surface expressions.
Although the meteorological literature contains descriptions of wave
structures above the planetary boundary layer, information at sea level is
often not provided. The present analysis of surface weather observations
is necessary fort~e subsequent investigation of how, where, and when, if
at all, oceanic waves are forced by atmospheric waves, and whether oceanic
*Q, the "resonance quality", is defined as w~w , where w" is taken to be
the peak frequency and dw is the half-power frequency bandwidth.
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Figure 2.1 - Power density spectrum of surface north wind at Canton, using
four years of data. The 4-5 day tropospheric Rossby-gravity waves are
marked. Abscissa is frequency (cycles/hour) at the bottom and period (days)
at the top, on a log scale. Ordinate is power density in (cm/sec)2/cph.
Normalization is such that the power of a unit amplitude sine wave, is 1.
The 95% confidence intervals are at the bottom of the figure for all points
except the zero-frequency estimate, which is circled when plotted.
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resonance occurs. Auto- and cross-spectra are used here to determne
whether previously observed tropospheric waves have surface expressions.
Additional information on bandwidths, spatial amplitude variation and
nonstationarity is garnered from the dataset whenever possible for use in
understanding the ocean's response. Only rough details of the meridional
structures can be obtained with the present dataset. For the purpose of
modelling the theoretical oceanic responses to the atmospheric waves, the
previously observed tropospheric wave structures can be extrapolated through
the planetary boundary layer to the surface. This procedure is correct to
lowest order, but ignores frictionally-produced components (Lindzen and
Forbes (1978)) and possible structural changes incurred through interaction
with the spatially and temporally variable "mean" zonal wind (Boyd (1978)).
Although we have completed an extensive analysis of the surface wind,
pressure and temperature fields in the tropical Pacific and Indian Oceans,
only information germane to the discussion of oceanic oscillations in
Chapter 3 is presented here.
A.I. Organization. This chapter is, organized into sections according
to frequency bands in which one or more atmospheric wave motions have been
found. * Section B, 3. 5-day to 7-day periods, dis tinguishes the overlapping
sea surface structure of three waves: (1) a tropospheric wave, with period
~4-5 days and wavelength ~2000-4000 km, frequently associated with the
inter-tropical convergence zone (or ITCZ); (2) a lower tropospheric wave,
with period N4-5 days and wavelength N8,iOOO-ln,000 km, which is probably a
mixed Rossby-gravity wave and may be coupled to a lower stratospheric wave
of the same type and characteristics; and (3) a ~5-day period global,
*In the 1- to 3.5-day band, thè only oscillation detected with our dataset
is a barotropic oscillation that affects only the air pressure field. Since
this oscillation apparently does not excite a detectable non-isostatic oceanic
response, the 1- to 3.5-day band is not discussed in this work.
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"barotropic" oscillation which is most pronounced in the pressure field.
The 7-day to 20-day period'range, Section C, includes previously observed
stratospheric Kelvin and Rossby waves, but the surface data do not indi-
cate the presence of any clear signals. Section D, 20-day to 90-day
periods, includes a discussion of a strong 40-50 day oscillation that may
be modelled as a dissipation-modified Kelvin wave.
Section E, departing from the study of waves, contains estimates of
the frequency-wavenumber spectra of the surface atmospheric fields in the
2-90 day band. Only the wavenumber estimates for the frequency bands in
which we have identified atmospheric waves are statistically significant
at the 95% level. But these frequency-wavenumber spectra are still, useful
for determining which oceanic waves may be atmospherically-forced.
A.2. Dataset Preliminaries. The data consist of measurements from
island platforms of atmospheric variables (wind velocity, pressure and
temperature) near sea leveL. Pertinent information for the stations is
listed in Table 2'.1 (see Figure 2.2 for geographical distribution). Most
of the sea level weather data was obtained from the National Climatic
former generally consist of three observations per day and the latter are
,
,~
"f:
Center either in Tape Data Format 13 (TDF-13) or in WBAN format. The
hourly samples. The datasets typically span four years or more and
required only superficial editing for obviously bad points.
Enough observations per day were collected at all stations to elimi-
nate aliasing from diurnal activity (either tidal oscillations or thermally-
generated "sea breezes", .although most of the islands do not contain
enough land area to generate daily sea breezes).
There is a question as to whether wind measurements from mid-ocean
islands are representative of open ocean conditions. This problem can be
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Figure 2. 2 - Locations of surface weather stations.
STATION
Balboa
Galapagos
Canton
Arorae
Ocean
Betio
Majuro
Pona pe
Truk
Kwaja1e1n
EnIwetok
Guam
Wake
Johnston
Honolulu
MIdway
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TABLE 2.1 Weather Dataset Information - Pacific Ocean
LATITUDE LONGITUDE
(In Degrees & Minutes)
8 57 N
o 54 S
2 46 S
2 40 S
o 54 S
1 21 N
7 5 N
6 58 N
7 28 N
8 44 N
11 21 N
13 30 N
19 17 N
16 44 N
21 20 N
28 12 N
79 34 W
89 37 W
171 43 W
176 50 E
169 32 E
172 55 E
171 23 E
158 13 E
151 51 E
167 44 E
162 21 E
144 48 E
166 39 E
169 31 W
157 55 W
177 23 W
No. of
Oba. Per
~
24
3-7
2-24
3
2-3
2-3
6-24
6-24
6-24
24
24
24
24
8-24
24
24
YEARS
of!!
13.7
5.0
9.2
3.6
4.6
9.2
5.3
3.7
3.7
4.0
4.0
4.0
4.0
4.0
14.6
4.0
i~i~i~i~i~i~i~i~i~i~i§i~i§i~i~i~i§i~i~i~i~i~i~i~i§i~i~I
. . . . XXXXXXXX
. ... ... .... ... . ....... ......... . ...... . . . . ..XX
............... .xxxx '
.......................... .xxxx
...............;........ .xxxx
............... .xxxxx
. . . . . . . .. . . . . . . . .... .. . . . .. .xxxx
. .. . . .. . .. . . . . . ...... . . . ..xxxx
......................... .xxxxxx
......................... .xxxx
......................... .XXXXXXXX
......................... .XX
......................... .XXXXX
............... .......... ..xxxxx
XXXXXXX... .xxxxxxxx
. . . . . . . . . . . . . . . .. .... . .. . .XXXXX
TABLE 2.1 Weather Dataset Information - Indian Ocean
STATION LATITUE LONGITUDE No. of YEA
1~1~1~1~1§1~1~1~1~1~1§15Iêl~I~I~1
(In Degrees & Minutes) Obs. Per of
~ ~
Port Vic toria 4 37 S 55 27 E 2-24 1.8 ..... .XX.. ............. .......xx
Can o 42 S 73 10 E 8 8.0 . . . . XX
Diego Garcia 7 14 S 72 26 E 4-7 4.0 XX
Agalega 10 33 S 56 45 E 4-7 4.0 XX
L
,:~
L
:'f\
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regarded as a matter of degree depending on the topography of the island
and the location of the instruments (see the evidence presented by Hwang
(1970) and Wyrtki and Meyers (1975)). In any case, the island station
data are evaluated here in groups, not singly. Considering the wide vari-
ety of topographic conditions, it is unlikely that unique island effects,
even if present in individual power spectra, would be significant in the
cross-spectra between the islands.
B. 3.5- to 7-Day Periods
We have found that three previously-discovèred atmospheric waves in
this period band have large surface amplitudes and small wavenumber band-
widths and are therefore capable of forcing narrow-band oceanic waves.
Subsection 1 distinguishes the surface signals of the often-confused (in
the literature), equatorially-trapped Rossby-gravity waves* (Wallace
(1971)) and non-equatorially-trapped Easterly waves (Shapiro (1977)). A
4-6 day period Ilequivalent-barotropic" global oscillation is described in
Subsection 2.
B .l. Rossby-gravity and Easterly Waves. Both Rossby-gravity and
Easterly waves have large meridional wind components. The power density
spectra for the meridional winds, measured at Pacific and Indian Ocean
stations within 12° of the equator, are displayed in Figures 2.3 and 2.4,
respectively. The spectra were computed by first removing the mean,
tapering the data with a 10% cosine filter, fast-Fourier transforming the
tapered series and finally frequency-band averaging the periodogram esti-
mates (see Bingham et al. (1967)).
A reference line has been drawn for each spectrum in Figures 2.3 and
2.4, facilitating intercomparison. The lines have identical slopes
*These lower tropospheric waves may be simple extensions of stratospheric
Rossby-gravity waves reviewed by Wallace (1973) and Holton (1975).
38
1'0'
PER 100 loRYS)
'90 iao ioa 60 ~o'o ZO IS IQ D i; S ~ , l
I I II
10'
i: 1C -0 C1 (/
'M C1 (/ r-
.c 'U a ct
10'.i i: .c ~
'M C1 CJ i.
~ .i C1 BALBOAi: t- .i
(/ 'M r- i:i: 'M'M0 Ql i.
10''M i. ct Ql
.i ct i. CJ
ct .i i:
.i (/'M Ql(/ C1 .c "0
i: i. 'MC'M ct 'H 10'ct r- i:
C1 't 0
CJ .i i: CJo .c t'
bO ~
CJ "M (/ LI
., ct l- ~ 10''H i. p.
'M l- Ql a 3 GRLAPAGOSCJ Cf CJ l-
ct i. .p. C1 (/ r-
.
.. i. .S (/ C Ql N la'0 C1 'M 'H
i. 't I Ql C1 \
'H ct t- i. i.
CJ ;J
't Ql r- S bO
i: "" ct ;J 'M
CANTON'M CJ i. ri 10'
~ a ;M .i
~ .. CJ i:
.c .. i: Ql 'M
.i QJ p.i. t-'t (/ (/
o .0 'M ct
C .c 10'l- QJ CJ ""
'H C1 :: ct C10 (/ ct C1 .i
'H .c ..ct 'H 'H 0i. 0 (/ o r-
.i Ql 0. 10'
CJ C1 i: 't
.3 ARORAEQl i. 'M i: Qlp. ct r- Ql (/(/ 'M
ct bu ..
~t- i. i: +-
i 0'.. .i'M C1 Ql
'M CJ p. r- ,.(/ C1 0 ..i: 0. r- .i 0
C1 Cf Cf ct
-0 i. . 10' OCEANi. . . Ql C1
C1 i. t-,. i.
~ Or-S;J 20 .. i: ;J bOp. ct o Z 'r:
;J 'H
0' C1 107I C1 CJ . ll
i: (/ 0 )-
C" C1 C1 Ql l-
. ,. i. 0. aN .i C1 0 0 (J
'H r- .i z BETIOQl 'H C1 (/ .i W 10'i. 0 i. 0 0;J i. .cb " i._ a: -------'M N o -: ..
ri r- 'H I ct W3: ----
~ 10S -_._------------
----
95~.
-'on - ----~.. 'U 12)3
10'
10's 10" 10'3 i 0'2 10-1Figur~~~ FREQUENCY (CPH)
Figure 2. 3b
10'
10'
10'
10'
10'
10'
la'
10.
107
10'
107)-I-
(f
z:
w 10'o
a:
w
::
~ IOs
IOa
39
PER I 00 CORYS)
360 180 io~ 60 _030 ZO LS 10 B . S _ 3 ZI I It
I I
TRU\'
~
\\, KWRJRLE IN
, Y','~
~II
~l'I~~
95% =iil
10.' 10.' 10.' io-z
FREQUENCY ((PH)
10"
10'.
10'
10'
10'
10'
. 40
PER I CD (DAYS)
,
'60 .80 100 60 ~OiO ZOIS ice 65 ~ , Z
I I ! I
I I
II
PORT V I CTOR I A
10' Ii
\ GRN10' Ì''i..l/t
II
~1\~..
10'
10'
10')-i-
enzW 10'o
a:
w
3:
~ 10'
10'
DIEGO GARCIA
AGALEGA
95%
--------- ~J------ -------- 3,  i '2,
10'5 10.0 ' 10" 1 0.2
FREQUENCY (CPH)
10'1
Figure 2.4 - Power density spectra of north wind from Indian Ocean
Stations. Plotted as in Figure 2.3.
41
(arbitrarily chosen to be -4/5) and y-intercepts. The spectra are separated
by two orders of magnitude in each plot. The 4-, 5-, 40- and 60-day
periods are indicated by vertical lines above each spectrum for later
reference.
The statistical significance of a peak in a single spectrum will not
be stressed. Instead, the significance of a peak in terms of providing
evidence for the existence of organized wave motion is based on its repro-
ducibility in several spatially separate power spectra and on the coherence
between stations at the peak period.
Canton, Arorae and Betio, in the western Pacific near the equator,
exhibit large peaks in the 4-5 day band (Figure 2.3a). There are also
suggestions of 4-5 day peaks at Ocean, Majuro, Truk, Kwajalein and Eniwetok.
Both Rossby-gravity and Easterly waves have observed mean periods of 4-5
days in the lower troposphere (Wallace (1971)). Except for the three
equatorial stations just mentioned, no station, including Galapagos and
those in the Indian Ocean, can be considered to have statistically signi-
ficant narrow-band peakCs) in the 4-5 day band.
Notice that the spectrum at Canton has two peaks, one at 4 days and
one at 5 days. This double peak feature becomes pronounced in many of the
meridional wind coherences and is suggested as well in the power spectra
at Arorae, Betio and Ocean. The question arises (answered later) whether
the two peaks imply the existence of two dis tinct wave motions. The ap-
parent separation into two peaks indicates that the atmospheric waves have
a high Q, an observation of some importance in determining oceanic
resonance (Wuns ch and Gill (l 9 7 6) ) .
B.l.a. Wavenumber Estimates. Examination of the coherences* between
~
stations is necessary to determine the spatial structure of any wave motion
*The coherence function is computed from auto~ and cross-spectra that are
calculated in a manner similar to that just described for auto-spectra.
,
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that is present. An example of meridional wind coherence between Canton
and Betio is given in Figure 2.5, which exhibits a broad amplitude peak in
the 4-5 day band, typical of most tropical meridional wind coherences in
the Pacific and possibly indicating the presence of atmospheric waves.
Since we expect the Rossby-gravity waves to dominate the meridional
winds near the equator and the Easterly waves to dominate between 5° and
l5°N (Wallace (1971)), we have separated the computed meridional wind co-
herences into groups according to the latitudes of the station pairs:
A - both stations equatorward of 3°; B - both stations between 7° and 22°N;
and C - at least one station between 3° and 7°N or one station north of
7°N and the other equatorward of 3°. The coherence phases from the 3.5-
5.5 day band were used to obtain zonal wavenumber estimates by dividing the
phase by the zonal station separation. This naturally assumes that the
phase of the waves i~ independent of latitude, which is a reasonable assump-
tion for the latitudinal separations considered here (see Figure 6 of
Nitta (l970)). But since Burpee (1974) found a small northward phase lag
for Easterly waves over Africa, we utilize only station pairs that are
separated by greater distances in the zonal direction than in the meridional
direction.
The zonal wavenumber estimates s, in cycles/circumference, for station
pairs in Groups A and B are plotted against zonal station separation as
· 's and x' s, respectively, in Figure 2.6. We have only used coherences
with significant amplitude in the 3.5-5.5 day band at the 95% level. We
have plotted only the gravest negative estimates of s.
The average wavenumber from the seven equatorial (Group A) coherence
pairs is s N -4.1, in agreement with previous estimates of the Rossby-gravity
wavelength. The average wavenumber from ,the eight Group B coherence pairs
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is S N -10. 7, in agreement with previous estimates of the Easterly 
wave
wavelength. These wavenumber estimates have been corroborated by computa-
tions of high-resolution (maximum-likelihood) wavenumber spectra. *
The delineation between Easterly wave wavenumbers and Rossby-gravity wave
wavenumbers is clear.
The latitudinal separation between the Easterly and Rossby-gravity
waves, which has been emphasized above, is not, sharp. Wavenumber estimates
from the Group C coherence pairs, which straddle the boundary between the
wave types, are plotted in Figure 2.7. Their average is s N -6.7 indicating
the presence of both wave types (see also Wallace (l97l)).
The coherences between the four equatorial stations Canton, Arorae,
Betio and Ocean frequently have two amplitude peaks in the 3.5-5.5 day
\
! '
band, as do the power spectra (Figure 2.3a). If each peak was due to a
different wave, either an Easterly or a Rossby-gravity wave, the coherence
phase would be expected to change by a factor of 2.5 from one peak to the
other. This does not occur. The mean wavenumbers, calculated from six
coherences between the four equatorial stations, are -3.2 and -5.8 in the
90-98 hour and 119-134 hour bands, respectively, estimates which are within
the error bars for previous estimates of the mean Rossby-gravity wavelength. ~
.~
l'
Although the Easterly waves may produce important fluctuations of
subtropical currents (e. g., Mofjeld and Wimbush (1977)), they are clearly
not as important as Rossby-gravity waves for generating equatorial1y-trapped
ocean waves in the central-western Pacific. Therefore, we will not discuss
Easterly wave properties any further here. The situation may be different
in the Atlantic Ocean where Easterly waves are strong and have been observed
to extend to the equator, whereas the Rossby-gravity waves have not been
*For a description of the maximum-likelihood estimator see Capon (1969).
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observed in the lower troposphere there. Neither wave type is strong at
the surface within 10° of the equator in the eastern Pacific (see the
Balboa and Galapagos spectra in Figure 2. 3a) or the Indian Ocean.
The coherence amplitudes corresponding to "the "equatorial" phases
(Group A) of Figure 2.6 can be used to obtain an estimate of zonal wave-
number bandwidth, Ó s, following the formalism described by Munk and Phillips
(1968; particularly equation 59). 'The best estimate of fj s is 8, in which
c~se the range of zonal wavenumbers for the Rossby-gravity waves is
-8~ s (0, assuming the mean wavenumber is -4.
B.1.b. Amplit:ude Estimates; Annual and Interannual Variability; Q.
The rms amplitude of the meridional wind in the 3.5-5.5 day band ranges
from 0.4 to 0.8 mls at the four equatorial stations in the central-western
Pacific. The amplitude reached 5 mls at Canton in the fall of 1955.
The surface zonal wind and pressure fields, associated with the
Easterly and Rossby-gravity wave meridional winds just discussed, overlap
considerably in latitude. Consequently, observational evidence of these
fields is difficult to interpret unambiguously. The zonal wind power
density spectra do not exhibit 4-5 day peaks analogous to the meridional
wind spectra, and the 4-5 day band in àir pressure is dominated by a baro-
tropic oscillation discussed in the next subsection. Equations (1. 27a and
1.27b) can be used to determine the theoretical amplitudes of u and p
for the Rossby-gravi ty waves. For example, if the maximum meridional wind
at the equator v ~l m/s, then the maximum zonal wind u N 1/2 mls and sea
surface air pressure p IV .1 mb. Both u and p will have maximum amplitudes
between 5° and 10° from the equator.
Observations by Julian (1971) suggest that the 4-5 day Rossby-gravity
waves are stronger in the late summer and fall. To estimate the magnitude
47
of this variability, a power spectrum was constructed from piece-wise
averaging the power calculated from mid-August through mid-January data
of each of the nine years of the Canton north wind dataset. Th~s spectrum
is superimposed in Figure 2. 8a upon a similar calculation using the mid-
February through mid-July data of each year. The power densities in the2 23.7-5.3 day band are 850 (m/s) Icph and 490 (m/s) Icph for the August-
January and February-July periods, respectively. These numbers are
statistically different at the 99.5% level. Note that eve~ in the February-
July period the 4-5 day power is above the background level, so the waves
do occur year-round.
Interannual variability of the 4-5 day Rossby-gravity wave power is
also quite large. In Figure 2. 8.b are plotted the power spectra for Canton
north wind from 1950 and 1957. The power densities in the 3.7-5.3 day
band are 370 (m/s)2/cph and 980 (m/s)2/cph in 1950 and 1957, respectively.
These numbers are statistically different at the 99% leveL. Note that
even in 1950 the power in the 4-5 day band is above the background level.
These annual and interannual variations are observed at most of the
stations where Easterly or Rossby-gravity wave activity in the 4-5 day
band is found.
Lastly, the Q varies between land 8 in the 4-5 day band in the equa-
torial central-western Pacific. The larger Q estimates occur at CantOn
and Arorae where the "double-peak" structure is strong (Figure 2.3).
B. 2. Global Five-Day Pressure Waves. Madden and Julian (1972b and
1973) firmly established the characteristics of an "equivalent-barotropic"
oscillation of the atmosphere with a mean period of five days, extant at
all longitudes and at latitudes from at least 600N to 60oS. The observed
mean wave characteristics, such as period, zonal wavenumber and latitudinal
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structure, were shown to be consistent with a solution to the Laplace
Tidal Equations (LTE) presented by Longuet-Higgins (1968). The solution
is a wave of the second class (Ross by wave) with s' = 1 and n' = 2.
(For convenience in referring to Longuet-Higgins' work, s' (~O), rather
than s, denotes zonal wavenumber, so propagation direction is indicated
by the sign of the frequency. n' parameterizes the latitudinal structure,
where n' -s' equals the number of nodes in the s treamunction between the
(~Ul Q)1poles. ) When the period is 5 days, the Lamb parameter E= ci" z 8.6, so
the equivalent depth h ~ 10 km. Longuet-Higgins' (1968) numerical solu-
tion for the s' = 1, n' =2 planetary wave with € =10 is plotted in Figure
2.9 (Example B). For comparison, the analytic solution for "'.. 0
(Rossby-Haurwitz wave) is also shown (Example A). For the Rossby-Haurwitz
-i..s'wave, GJ Q! n' (n'.lI) , yielding a period of 3 days rather than the observed 5
days.
Some power spectra of sea level atmospheric pressure from the tropical
Pacific and Indian Oceans are displayed in Figure 2.10. There is no clear
suggestion of a narrow-band wave at 5 days, implying either low Q or that
the barotropic oscillation is weak at sea level. Since every station pair
separated by more than 500 km has a peak near five days in the atmospheric
pressure coherence (e. g., Figure 2. ll), the atmospheric oscillation is
definitely not weak at sea level. The period of the coherence peak, when
the peak is Significantly above the background, is alays within the range
of 5 !.5 days.
The high-resolution (maximum-likelihood) wavenumber spectrum* of
atmospheric pressure in the 4.3-6.0 day band is show in Figure 2.12, where
two years of data from Canton, Johnston, Wake, Guam. Kwajalein and Eniwetok
*See Wunsch and Hendry (1972) for an example of an oceanographic application
of the maimumlikelihood wavenumber spectrum and a sumary of the computa-
tional procedure i' aliasing t etc. (N. b. t their Appendix B). Davis and Regier
(1977) give a more general discussion of wavenumer spectrum estimators.
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characteristics, such as the low-level jet over East Africa (Krishnamurti
and Bhalme (1976)).
The dataset studied here suggests the presence of several baroclinic,
equatorial waves in the 7-20 day band in the central Pacific, including
(possibly) a 7-9 day Rossby-gravity wave and an 8-10 day Kelvin wave.
None of the oscillations is a distinctive feature in the equatorial power
spectra of surface winds, and only the 7-9 day Rossby-gravity wave is strong
enough in the cross-spectra (see Figure 2.5) to yield significant wavenumber
estimates.
The maximum-likelihood (MLM) wavenumber spectrum of meridional wind in
the 7.4-8.8 day band from Canton, Arorae, Betio and Ocean is shown in
Figure 2.13. The peak zonal wavenumber is -6 with a 95% confidence range
of -12.5.: s.( O. The meridional wavenumber is not distinguishable from
zero. The peak accounts for 60% of the energy in the frequency band.
In the period band of 7 to 20 days, Yanai and Murakami (1970) observed
vertical wavelengths of 3 to 14 km, corresponding to equivalent depths of
3 to 63 meters (Holton (l970)). The only equatorial wave with a -6 zonal
wavenumber at 8 days period, which yields equivalent depths, in this range,
is a Rossby-gravity wave (using the dispersion relations (1.33a and b)) .
The required equatorial trapping is deduced from the lack of meridional
wind coherence between equatorial (within 3° of the equator) and non-
equatorial stations in the 7-9 day band.
Although the 7-9 day Rossby-gravity wave is not distinct in the
equatorial meridional wind power spectra (Figure 2.3a), the oscillation is
suggested in the power spectrum of Canton north wind using only August to
January data (Figure 2.8a). In the 7.1- to 9.5-day band, the August to
2January power density is 690 (m/s) / cph, and the February to July power
,
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density is 350 (m/s) 2/cph. These numbers are significantly different at
the 99% level. This annual variation is seen at Arorae, Betio and Ocean,
but not at Galapagos or in the Indian Ocean. The Q of the 8-day meridional
wind peak in Figure 2. 8a is 3- 4, so the Augus t to January rms amplitude
is nJ 50 cm/s.
D. 20- to 90-Day Periods
The only atmospheric oscillation in this period band that is consistently
detected is an oscillation discovered by Madden and Julian (1971), and
independently by Parker (1973), that has been modelled as a damped
Kelvin wave (Chang (1977)) with a period most often between 40 and 50 days
(hereafter the oscillation will be referred to as the 40-50 day Kelvin wave).
The 40-50 day Kelvin wave is a conspicuous feature in the zonal wind power
density spectra from equatorial stations in the western Pacific Ocean
(e.g., Canton, Arorae, Betio and Ocean in Figure 2./4a) and the Indian
Ocean (e.g., Gan in Figure 2.15), and is less distinctly present in the
equatorial power density spectra of surface air pressure (Figure 2.10).
Madden and Julian (1972a; hereafter MJ72) found that the 40-50 day
Kelvin wave was globe-girdIng in the upper troposphere, but that in the
lower troposphere it was strongest in the western Pacific and undetectable
over Africa and the Atlantic. In agreement with their results" the oscil-
lation is not obviously present in the zonal wind power density from the
Galapagos Islands (Figure 2. ('f). However, Picaut and Verstraete (1976)
found peaks at 40-50 day periods in the surface air pressure and winds at
Abidjan on the Gulf of Guinea. It is possible that this 40~50 day Kelvin
wave forces oceanic oscillations in all three equatorial oceans. Picaut
and Verstraete (1976) document 40-50 day oscillations in sea level and sea
surface temperature along the north coast of the Gulf of Guinea, and,
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MJ72' s (see their Figure 4*) discovery of poleward, as well as westward,
propagation north of5°N and west of l700E in the Pacific. Those central-
western Pacific station pairs separated by more than 800 km, which have at
least one member within 3° of the equator, yield coherence phases consistent
with the hypothesis of eastward and poleward propagation in the 30-60 day
band.
An estimate of the wavenumbers of the 40-50 day Kelvin wave was obtained
from the maximum-likelihood wavenumber spectrum of zonal wind using 3 years
of data from Canton, Ocean, Majuro and Ponape. The peak (Figure 2.in
occurred at zonal wavenumber s ~ 1.6 and meridional wavenumber q ~O, with
zonal wavenumber half-power bandwidth of il s N 3.6. Although the peak
accounts for 73% of the power in the 40-55 day band, the degrees of free-
dom are low so that the peak is significantly different from zero zonal
wavenumber not at the 95% level, but only at the 55% level. MJ72 and
Parker (l973) stated that the eastward propagation of the 40-50 day Kelvin
wave was quite irregular. Parker (1973) establishes the mean zonal wave-
number as s N i, but ~U72 estimate s ~ 1 east of l500E and s N 2 west of
l500E.
The surface air pressure coherence is found to have large amplitude
over large distances for the entire 20-90 day band, within 10o of the
equator in the Pacific Ocean. For example, Figure 2.18 displays the
coherences for the near-equatorial Kwajalein-Canton pair and the sub-tropi-
cal (200-300N) Wake-Midway pair. Wake and Midway are closer to each other
( N 1900 km) than Kwajalein and Canton (iv 2600 km). The phases corres-
ponding to the large tropical coherence amplitudes are invariably small
and do not indicate any preferred propagation direction. This phenomenon
-~
*MJ72 used sea level air pressure coherences to construct their model of the
proppgation of the 40-50 day Kelvin wave. The air pressure coherences are
discussed shortly.
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of nearly synchronous pressure fluctuations in the tropical Pacific, first
noted by Palmer and Ohmstede (1956), precludes identification of the 40-50
day Kelvin wave.
The coherences between meridional wind and both zonal wind and air
pressure suggest that the 40-50 day Kelvin wave has a surface meridional
wind component, probably a boundary layer product (see Lindzen and Forbes
(1978)). The meridional wind is approximately in-phase (out-of-phase)
with both the zonal wind and air pressure north (south) of the equator.
The amplitude of the 40-50 day Kelvin wave has been obtained from the
power density spectra of zonal wind from Gan (Figure 2.15) in the Indian
Ocean, and from Canton, Arorae, Betio and Ocean (Figure 2.l4a) in the Paci-
fic Ocean. The rm zonal wind amplitude is 0.4 - 0.6 mIs, using the
-4
observed bandwidth of 3.5 x 10 cph (hence QN2-3).
The oscillation has an annual modulation as well as large interanual
variability (Madden and Julian (1971, 1972b), Parker (1973)). (MJ72 report
finding 40-50 day peaks in the power density of surface pressure from the
1890' s for two tropical stations.) The data analyzed here suggest the
oscillation is stronger in the northern winter months, but in other years
this may not be true (MJ72 and Parker (1973)). Maum amlitudes of the
oscillation can reach 2 mb and 2 mls at the surface on the equator.
E. Frequency-Wavenumber Spectra of Equatorial Surface Winds and Pressure.
Zonal wavenumer spectra for periods from 2 to 90 days have been
computed for surface winds and air pressure in the equatorial, central-
western Pacific. but before presenting these spectra a few cautionary
remarks are in order. First. earlier in this chapter. wavenumber spectra
have been examined for the frequency bands where statistically non-zero
wavenumber estimates could be made. Therefore. in the following wave-
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number spectra, peaks indicating non-zero wavenumbers are statistically
significant, at the 95% level*, only if they occur at frequencies associated
wi th the previously discussed equatorial waves. The spectra nevertheless
indicate poSsible asymmetries in wavenumber space, which need to be
corroborated with additional data. 'Second, the maximum-likelihood estima-
tor is known to produce inaccurate estimates of wide-band (in wavenumber)
spectra (Davis and Regier (1977)), so it is not possible to obtain meaning-
ful estimates of the slope of the spectral decay as wavenumber magnitude
increases.
Another drawback to the usefulness of the frequency-zonal wavenumber
spectra presented in this section is that we only have coarse information
on the meridional variation of the spectra. Yet the following wavenumber
spectra are important contributions, because virtually nothing is known
about the frequency-wavenumber structure of atmospheric fields at the
tropical sea surface, aside from a few published power spectra (e.g., Groves
and Hannan (1968) and Wunsch and Gill (1976)).
Figure 2 .l9a presents the zonal wavenumber versus frequency spectrum
of surface atmospheric pressure, using 4 years of data from ,Canton, Johnston,
Wake, Guam. Kwajalein and Eniwetok. The zonal wavenumber estimates are
estimates at zero meridional wavenumber, rather than estimates obtained
from integration over all significant meridional wavenumbers. Such integra-
tion is an objectionable procedure, because the nonuniform beam patterns
require integration limits that are a function .of zonal wavenumber, to
avoid aliasing. The actual peak meridional wavenumbers are probably not
distinguishable from zero.
*McWilliams (1979, personal communication) notes that the Capon and Goodman
(1970) statistics are not accurate for irregularly-spaced arrays, such as
those used here . However, a more accurate formalism is not known to the
author.
Period (days) Period (days)
2 1 360
" ï- '.-,-'--M
0U i.
~6
i.
:' -.-'.- 00
....
tItI
Q)Q)
o-~, 00 ;.
~
0
..
0
i.i.
Q)Q)
.a.0
eEl
:::: .. i:li: i Q)Q)
~
~
C1C1
;3;3 "'.
..
o-o- i
C1C1 i:i:
'00 NN
-.
10.2
-. .,
lO-S .. -I
-,
10 10 10 10
10 10
Frequency (cph) Frequency (cph)
r
(C) north wind I(b) east wind
Period (days)
360
::
67
0i. ;:-.-0
..
tI
Cl
-l0;.$
0
i.
Cl
.a
e
:: ..
i: i
Cl
~
C1
;3 0
..
-l i
C1
i:
90N
0N
I
-I10.- 10
Frequency (cph)
(a) air
pressure
Figure 2.19 - (a) Zonal wavenumber versus frequency contour plots of air
pressure power density. Contours are decreasing power tin negative decibels
with the minus sign dropped) relative to the peak power in each frequency
band. ihe peaks are shaded. Abscissa is frequency in cycles/hour. Ordinate
is wavenumber s, in cycles/circumference. Stations used 
include Canton,Johnston, Wake, Guam, Kwajalein and Eniwetok. (b) As in ta) but for zonal
wind using Canton, Arorae, Betio and Ocean data. (c) As in (b) but for
meridional wind.
68
The spectrum is displayed using contours of decreasing power (in
negative decibels with the minus sign dropped) relative to the peak in each
frequency band. The peaks are shaded for easier identification.
Figure 2.l9a indicates westward propagation at 5 days in accordance
with the observed propagation of the 5-day barotropic oscillation (Section
2.B.2). Westward propagation is suggested for periods as long as 9 days.
At periods greater than 9 days, no directional preference is detectable, and
at periods less than 3 days (excluding a barotropic oscillation at 1.4 days*)
the wavenumber spectrum is inadequately estimated, probably because of
increased bandwidths.
The size of the array (i.e., distance between elements) used to compute
Figure 2. 19a is remarkable, and was made possible by the narrow wavenumer
bandwidths of the tropical air pressure field at periods greater than 3 days.
Decreasing the array size decreases the low-wavenumber resolution.
The spectrum of zonal wavenumber versus frequency for north wind using
3.6 years of data from Canton, Arorae, Betio and Ocean is displayed in
Figure 2. 19c. The Rossby-gravity waves at 4~5 days and 8 days (Sections
2.B.l and 2.C) are evident, with the proper westward propagation. Further-
~
,~~t
:r~
:'¡.
more, westward propagation occurs for periods of 10-20 days. There is a
hint of eastward propagation at 60 days, but elsewhere the spectrum is
approximately symmetric and peaked at zero wavenumber, or else indetermnate.
Figure 2. 19b displays the wavenumer-frequency spectrum of east wind
using the same 3.6 years of data from Canton, Arorae, Betio and Ocean.
As in the north wind spectrum, westward propagation is indicated at 8-20
days. Eastward propagation weakly appears at the Kelvin wave periods of 30-
60 days. The Kelvin wave propagation is more accurately resolved by a
larger array (Section 2.D). Eastward propagation is also suggested at
*See the footnote on page 33.
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l20-lBO days.
The spectra in Figures 2. 19b and 2. 19c are representative of the
central equatorial Pacific surface wind field as far north as 7°. The
spectra for stations between lOoN and 200N are quite different, but will
not be discussed here.
As a graphic, but simplistic, illustration of the value of frequency-
wavenumber spectra of surface winds, the spectra of Figures 2.l9b and
2.l9c are superimposed on the dispersion diagram (Figure 1.1) for the
first-baroclinic mode, equatorially-trapped waves, in Figure 2.20. The
equivalent depth is assumed to be hi ~ .92m, so cl ~ 3.0 m/s and ~ ~ 309.
Only the smoothed t db contours of the wavenumber spectra are
plotted. Where the dispersion lines coincide with the maximum power of
the wind spectra, one might expect those oceanic waves to be excited, and
if conditions are right, the ocean may resonate. Nöte the occurrence of
wind power around the zero zonal group velocity points of the low-mode
inertia-gravity waves. Evidence of the excitation of the low-mode III'
inertia-gravity waves is found in sea level spectra (Wunsch and Gill (1976)
and Chapter 3).
One must remember that higher-baroclinic modes may also be generated,
or, depending upon the frequency, zonal wavenumber, and latitudinal
distribution of the wind energy, forced waves may be generated which can
not establish vertical modes. (See Philander (1978)).
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CHATER 3
OCEANIC OSCILLATIONS AT THE TROPICAL SEA SURFACE
A. Introduction
The power density spectrum of twelve years of sea level measurements
from Christmas Island (2°N,157°30'W) is presented in Figure 3.1. The
heart of this dissertation is the investigation of the dynamics of the
large-scale oceanic oscillations responsible for the prominent spectral
features of the tropical sea level auto-spectra (as in Figure 3.1) and
cross-spec tra. The motivation of this work was outlined in Chapter l, and
the emphasis is on understanding the dynamics of equatorially-trapped
waves in the oceans.
The investigation is pursued here through spectral analyses of unique,
long time series of sea level measurements from islands in the Pacific and
Indian Oceans, in conjunction with the spectral descriptions of the surface
atmospheric fields just obtained. It should be emphasized that atmospheric
oscillations at the sea surface need not be prominent features in the.. auto-
spectra to force identifiable oceanic oscillations, but rather need only
dominate the cross-spectra.
Any study of sea level oscillations in the tropical oceans at periods
greater than one day must acknowledge the presence of comparatively strong
long-period tides. The tides at 28, 14 and 9 day periods (Figure 3.1)
are located in the frequency band where only Kelvin and mixed Rossby-
gravity waves exist for the lowest-baroclinic mode equatorially-trapped
waves (refer to Figure I. 1) . The problem of the long-period tides as
"noise" is important enough to warrant a detailed study in the tropical
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Pacific and Indian Oceans (Section 3. B) . The short zonal scales of
planetary modes studied by Wunsch (1967) are not observed above the
noise.
Among the important observational questions is whether equatorial
waves can be detected near the meridional boundaries, and if detected 9
whether they propagate from the equatorial waveguide into the coastal
waveguide, or vice versa, or not at all. Judging from the coherence
functions between sea level records, oscillations at 4-6 days are
present throughout the Pacific, independent of latitude. Since the
presence of "global" oscillations at 4-6 days can contaminate interpre-
tation of inertia-gravity wave propagation along the equatorial wave-
guide9 the nature of the 4-6 day "global" oscUlations is examined in
Section 3. C. Intriguing evidence of a barotropic, planetary mode at
4-6 days is found. The mode is probably forced by the 5-day barotropic
atmospheric oscillation documented in Section 2. B. 2. i'I
The evidence for equatotially-trapped inertia-gravity waves in the
Pacific and Indian Oceans is reviewed and extended in Section 3.D. The
meridional structures of the lowest meridional modes in the Pacific Ocean
are clarified. Higher modes are responsible for both discr.ete peaks in
the power density spectra (e.g., at 3 days in Figure 3.1) and the slope of
the sea level spectra at 1-2.5 days, for stations near the equator in the
Pacific. The spectra of the scattered and short Indian Ocean sea level
records suggest an inertia-gravity wave field that is similar to that
found in the equatorial mid-Pacific. The longitudinl extent of the
lowest meridional modes in the Pacific is traced with the sea level spectra
and sea level-weather cross-spectra. Zonal wavenumers and bandwidths of
the strongest inertia-gravity waves are estimted. and the annual and 1nter-
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STATION
TABLE 3.1
LATITUDE LONGITUDE
(In Degrees & Minutes)
Balboa
Buenaventura
La Llbertad
Talara
Galapagos
Christm.s Is.
Fanning Is.
Jarvis Is.
Canton Is.
Hull Is.
Arorae Is.
Betio Is.
Ocean Is.
Nauru
Raau1
Dreger llbr.
Jabor
Majuro At.
Kwaja1ein
Eniwetok
Ponape Is.
Satawan
Truk
Pu1uwat Is.
Yap Is.
Ma1aka1 Hbr.
Guam
Wake Is.
Johnston Is.
Pago Pago Hbr.
Hilo
Kahului
Honolulu
Nawiliwili
Midway Is.
San Francisco
Massacre Bay
8 51 N
3 54 N
2 12 S
4 35 S
o 54 S
2 00 N
3 54 N
023 S
2 49 S
4 30 S
2 31 S
1 22 N
o 53 S
o 32 S
4 12 S
6 39 S
5 55 N
1 10 N
8 44 N
11 21 N
1 00 N
5 16 N
1 21 N
7 22 N
9 30 N
7 19 N
13 27 N
19 11 N
16 45 N
14 17 S
19 42 N
20 56 N
21 19 N
21 51 N
28 12 N
37 48 N
52 50 N
79 34 W
77 05 W
80 55 W
81 17 W
89 34 W
157 30 W
159 24 W
160 02 ¡.
171 40 W
172 07 W
176 SO E
172 56 E
.169 35 E
166 55 E
152 11 E
147 52 E
169 39 E
171 05 E
167 44 E
162 21 E
158 15 E
153 39 E
151 52 E
149 13 E
138 10 E
134 27 E
144 39 E
166 39 E
169 32 W
170 40 W
155 04 W
156 29 W
151 52 W
159 21 W
177 22 W
122 28 W
173 12 E
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TABLE 3.1 Loca t ions and Time Intervals of Sea Level Records - I,\dian Ocean
STMION LATITUDE LONGITUDE YEARS
I~'~ I~ I~I~I~I~I~I~ i~i~i~i~i ~I EI~I êl EI §! ~I êl
(In Degrees & Minutes) of
~
Te 1 uk Bayur 1 00 S 100 20 E 0.9
............................. .X.XX
Colombo 6 57 N' 79 51 E 0.7 .XX
Minicoy 8 17 N 73 03 E 5.0 1891-1895
Addu At . o 34 S 73 10 E 0.4 .......... ..x
Diego Garcia 7 14 S 72 26 E 2.8 . .,..... .XXXXXX....... ...XPort Victoria 4 37 S 55 27 E 1.5 ............. .XX..................... .x.XAldilra 9 18 S 46 24 E' 0.8
.......... ......................... ',' .XXX
Mauri tius 20 09 5 57 29 E 4.4 6/42-12/44; 1/46-12/41
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Figure 3.2 - Maps showing locations of the tide gauge stations supplying
data for use in this study. (a) Entire Pacific Ocean. (b) Central-
western Pacific.
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the lagoon, surf set-up and slow response time of the lagoon water level
to changes in the surrounding sea level. In addition, real and important
differences in sea level measured on opposite sides of an island can
occur due to diffraction of long ocean waves by island arcs (Larsen (1977)).
For the period band studied here ~ only the latter effect may be important
in the interpretation of the following analyses.
B. The Long-Period Tides
The long-period tides are intrinsically interesting, aside from the
motivations discussed above. The behavior of the ocean in response to the : 0"
I
i
well-known tidal forcing is relevant for understanding the' ocean's response
to meteorological forcing at the same periods ~ An elegant example of this
point is provided by the data (Miller and Wunsch (1973)) and mddel (Wunsch
(1974)) of the l4-month "Pole tide" in the North Sea, where it appears that
the atmospherically-forced sea level continuum around the "Pole tide" is
amplified topographically, as the "Pole tide" is.
Since the inception of dynamical tidal theory in 1775 by Laplace,
the most pressing question concerning the long-period ocean tides has been
whether these tides are equilibrium or not, that is, whether the 
sea surface
fluctuates exactly in phase and with the same amplitude as the imposed
gravitational potential. Theoretically ~ Wunsch (1967) demonstrated (in a
mid-latitude basin) that the long-period tidal forcing may excite standing
Rossby modes.. If friction is strong enough, these free oscillations are
damped, leaving only an equilibrium tide in the model. Topography and basin
geometry are also expected to produce non-equilibrium fluctuations, as
suggested by Kagan et aL. iS (1976) global numerical model of the fortnightly
tide, although the governing dynamics in their model are not obvious.
The measurement of the long-period tides is so intricately related
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where Ai and 0(1 are listed in Table 3.2t o(iis phase relative to a
conuon start time, and G ~ 26.8 x g em, where g is the gravitational
acceleration (see Doodson (1921) or Godin (1972)).
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The equilibrium tide (without considering self-attraction and the solid
earth deflections) is then
'J.et _ 'i:: GA¡ (1-3sivi'2e) Cos (U¡t .. o(t")i ~ i ~ ( 3. 1 a)
- H ¡ei ( e) cos (t.¡ + + ~f~) (3.:a)
B. l. Data Analysis. Estimates of the long-period
GAH(
~~2.lcli
tidal admittances
The coefficient of the largest equilibrium tide, Mf, is
and phases were obtained from fast Fourier transforms of the sea level
records listed in the introduction (Table 3.1). The data were not tapered
before transforming, and only occasionally was a record long enough to
require "low-pass" filtering and decimation (the "low-pass" filter used
in this case was a box average of two hourly samples).
The actual measured form of the sea level response to the tidal poten-
,tial (3.1) includes a multiplicative constant and, phase shift not present
in (3.1), such that
"i
82
J¡5l =)li H¡S1(sJ?) C.OS (W¡+ + oefl +;.) J. (3.3)
8L 8L
where Hi and ~ i are the amplitude and phase of the true tide at fre-
SL SLquency Wi' and yiHi and (~i + li) are the amplitude and phase obtained
from the Fourier transform at Wi. The term Y i and'"1 arise from the
practical constraint that with short (a few years) record lengths it is
impossible to resolve tides, by Fourier analysis, that differ in frequency
by only 1 cycle per 18.6 years, such as the two 13.6 day tides in Table
3.2. These neighboring tidal constituents beat against each other
(analogous to the spring-neap beat of the semidiurnal tides) producing
years with larger 13.6 day tides than others. For example, the 13.6 day
tide is nearly twice as strong in 1951 and 1969 as it is in 1960. Practi-
cal measurement of the tide is subsequently more difficult in 1960 if the
noise level is high. The frequency splitting of the tides that gives
rise to the 18.6 year beat is due to the regression of the lunar nodes
(see Smart (1971, p.121)), hence the name "lunar nodal factors" for Yi and
li. (See Godin (1972, pp. 165-170) for a discussion of the calculation
of the nodal factors.)
A simple measure of the non-equilibrium nature of the tides is obtained
from the "driving point admittance". If the equilibrium and observed tides
are represented as complex exponentials such that
'V~L. H SL ( ) i (411+ .. ixti. · .li)
.J i · Vi i 6J; e. (3.44)
and
'Yet iiei ( .1) i (l.¡+ .. ø(¡.S l ,;¡)J¡ · Vi ri¡ Ð,., e
, (3.LJ ~)
then the admittance at 6)i is defined as
"'. u. H 'L. . ISLe,)
Y (..) J¡ i i \øt¡ - ci¡,. 91,. ~ - 'I - e
,,-, II.'i M¡ ~ I Y, , e -i ~ (3.S)
~3
For calculation of the admittance, the equilibrium tide is numerically
generated from the orbital motions of the earth and the moon, following
the treatment by Munk and Cartwright (1966, Appendix A), for the same time
period and sampling interval as the observed sea level record. The calcu-
lated equilibrium tide is analyzed in the same manner as the sea level
record, so the resultant Fourier coefficients are subject to the same
nodal factor corrections as for measured sea level. The admittance, then,
is clearly independent of the nodal factor corrections. Also, to lowest
order~ spurious effects of the transformation process cancel.
In addition, the equilibrium tide has been corrected for the effects
of ocean self-attraction and yielding of the earth due to the external
potential and change in ocean load, with the real distribution of the "
,
I
I
,
oceans taken into account (Agnew and Farrell (1978)). The ocean self-
attraction and loading factors, etc., are all computed assuming the sea
level response to the imposed potential is static (mass is conserved),
hence the admittance is a true measure of how much the real ocean tides
deviate from the static, equilibrium limit, which would give IYi\ = i
and r. = O. Numerical values of the static tide computed by Agnew andi
Farrell were generously provided by Agnew (private communication). Very
roughly, the yielding of the earth due to the external potential reduces the
equilibrium tide by 'about 30%, ocean loading and self attraction on a
completely water-covered earth increase the equilibrium tide by about 25%,
and consideration of the true distribution of the water mass generally
reduces the equilibrium tide by 0-15% in a spatially dependent manner (thus
the longitude dependence explicit in (3.4b)).
The most critical problem in estimating the amplitudes of the long-
period tides is contamination by "noise", or rather, the background
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continuum level around the tidal frequencies. The continuum level in
power density, which is generally related to atmospheric forcing, is a
strong function of frequency, rising with increasing period, and is also
a strong function of position, in accordance with geographical changes in
the atmospheric forcing and oceanic response. Cartwright (1968) success-
fully obtained estimates of the long-period tides around Great Britain
from the residual sea level remaining after removal of meteorological
effects (the tides were buried in the continuum of the raw sea level).
The tides are deterministic signals so the stochastic noise contami-
nating, the Fourier transform estimates can be reduced by increasing the
record length (see Wunsch (1967)). But if the record length is too long,
twelve years for instance, the logic behind the application of the nodal
factor correction breaks down as tides separated in frequency by only 1
cycle per 18.6 years begin to be resolved. Ideally, one would like to
analyze a continuous 18.6 year record and completely resolve the tides,
bypassing the inelegant nodal factor correction, as well as drastically
reducing the noise content of the estimates. In practice, such long recor~s
are rare, especially in the Pacific. Four to eight year record lengths
were found to be. adequate for reducing the noise level, at least for the
Mf tide, while not obviating the usefulness of the nodal factor correction.
Assuming the admittance is a slowly varying function of frequency, sùch
that tides separated by 1 cycle/18.6 years have the same admittance (a
good assumption; see Munk and Cartwright (1966)), estimates of the admit-
tance are not hindered by consideration of the nodal modulation, (3.5), hence
longer records are always better.
Nearly as important as noise in estimating H~L and the admittance isi
the subject of alignment. If the frequency of a tidal line falls between
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the harmonics of the Fourier transform its energy is divided among them,
reducing the estimated amplitude of the tide at the harmonic with fre-
quency nearest the tidal component. Since the equilibrium tide is analyzed
in a manner identical to the sea level, to lowest order the effect of the
transform misalignment is cancelled out in the computation of the admit-
tance, with one important exception. If the tidal line is already weak,
the misalignment increases the effect of noise and the accuracy of the
resultant admittance estimate is substantially reduced. Alignment error,
unlike noise error ~ is not a function of record length. The analyses
completed here have always aligned the tide under consideration so that
the expected error from misalignment is less than 2%. Occasionally, this
required different Fourier transformations for estimating the different
tidal lines. For those tide pairs separated by only 1 cycle/18.6 years
(Table 3.2), the larger component was aligned, although an argument can be
made for locating the Fourier harmonic between the two tides.
Error bars are essential to the interpretation of the estimates of
tidal amplitude, phase and admittance. Assuming the noise has approximately
a normal probability distribution and has constant variance, d;, in a small
frequency band about the tidal line under consideration, then the probability
SL
distributions for J iHi ' (Yi i and f i are easily determined following the
analysis of Munk and Cartwright (1966, Appendix B). In general, these
three quantities are normally distributed only in the limit of very large
signal-to-noise ratio. This error estimation procedure suffers from the
assumption that ~N is known exactly, whereas it is actually estimated here
from the Fourier transform coefficients surrounding each tidal line. For
this reason~ we have opted to calculate the 95% confidence limits for the
tidalestimates~ rather than the smaller one-standard-deviation confidence
3 (j
limits employed by Wunsch (1967) (note that Wunsch estimated the error bars
using a procedure that takes into account the uncertainty of U' N' see
Wunsch (1966, p. 49)).
B.2. Observed Fortnightly (Mf) Tide. Estimates of the amplitude,
H~L, admittance amplitude, \Yil, and admittance phase,fi, for the Mf
tide are listed in Table 3.3 for stations in the Pacific and Indian Oceans.
Latitude and longitude for each station are listed as are the total number
of years of hourly sea level data used to obtain the estimates. Frequently,
more than one record of sea level, from separate time periods, was available
for a particular station, so the vector-averaged estimates of tidal ampli-
tude and admittance from each piece are presented in Table 3.3.
SL
The amplitude Hi ' and consequently Yi, have been corrected for a
small bias due to noise (see Wunsch (1967)). A positive admittance phase,
r i' indicates that sea level lags behind the equilibrium tide. Note that
f i is equivalent to the classical Greenwic,h epoch, G, equatorward of the
node in the potential (3.1) (+35°16' latitude) and is G + 180° poleward of
the node.
The 95% error bars are indicated in Table 3.3, but note that the
estimates are not centered within the confidence interval, as implied by
.c
the form of presentation. If no error bars are indicated, the estimate
has 95% error bars greater than +100% of amplitude and ~90° of phase.
The confidence interval decreases in magnitude as the signal-to-noise ratio
(SNR) increases, where SNR . ~ ~ The mean signal-to-noise ratio
is indicated in the table. When SNR ~ 1.5 the 95% error bars on ViH~L are
larger than l100%. This fact, combined with observations of the amplitudes
of the imediate neighbors (within 3 harmnics) of the tidal line in the
Fourier transform, has led us to create a grading system to indicate subjective-
ly the reliability of each estimate:
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TABLE 3.3 ~Tide - Pad fic Ocean--
STATION LATITUllE LONGITUDE YEARS AMPLITUDE MEAN ADMITT!\NC¡'' ' ADMITTANCE' RERK
(In Degrees & Minutes) of + Ampli tude Phase ,
HSL(CmL SNR IYI
--:i_'1 "Grades It~
¡"'tboa 8 57 N '79 34 W 8.0 1.24 t .20 4.0 .91 t .13 20 t 7 'Anuencivcntura 3 54 N 77 5 W 4.0 2.10 n.2l 3.8 1.38 t .53 ,17 t 23 ALa Liberlad 2 12 S 80 55 W 4.0 .70 .68 2.0 .45 t .30 44 ~ 46 C;misal1gnedTa1Dra 4 35 S 81 17 W 4.0 1.22 t .29 4.0 .83 :! .13 -4 :! 9 AGalapagos o 54 S 89 34 W 6.7 1.27 :! .20 5.7 .79 :! .1Ò 19 :! 7 AChristmas Is. 2 00 N 157 30 W 11.9 1.32 :! .14 9.3 .80 :! ;05 9 :I 3 A ..Fanning Is. 3 54 N 159 24 W 1.9 1.52 :! .60 2.5 .86 :! .25 25 :! 17 ACanton Is. 2 49 S 171 40 W 17.0 1.31 :! .07 7.5 .80 :! .02 18 :I 2 A ..Hull Is. 4 30 S 172 07 W 0.8 1.22 t1.00 2.3 .74 :! .39 17 :! 34 AArorae Is. 2 37 S 176 50 E 1.4 1.74 :! .63 3.3 1.06 :! .23 10 :I 12 A ..Betio Is. 1 22 N 172 56 E 1.9 1.02 :! .29 3.5 .6Q :! .12, 12 :I 11 AOcean Is. o 53 S 169 35 E 1.1 1.55 :!1.27 2.5 .91 :! .46 17 :! 31 ANauru Is. o 32 S 166 55 E 0.8 1.76 :!1.00 3.4 1.05 :! .37 9 :! 20, ,ARabaul 4 12 S 152 11 E 2.0 1.20 :! .51 4.3 .14 :I .20
-lB :! 15 A"Dreger Ilbr. 6 39 S 147 52 E 1.1 1.38 :! .25 5.6 .93 :! .11 21 :! 7 AMajuro At. 7 10 N 171 05 'E 2.0 1.19 :! .10 11. 7 .78 :! .04 10 :! 3 AKwajalein 8 44 N 167 44 E 8.0 1.06 :! .18 6.1 .69 :! .08 15 :! 6 A ..Eniwetok 11 21 N 162 21, E 6.0 1.11 :! .17 5.6 .80 :! ,.10 9 :! 7 A'Ponape Is. 7 00 N 158 15 E 1.5 1.14 :! .14 8.1 .75 :! .06 8 :! 4 ASatawan 5 16 N 153 39 E 0.5 1.37 :! .27 5.2 .87 :! .10 22,:! 7 ATruk 7 27 N 151 52 E 4.6 1.10 :! .14 6.1 .72 :! .07 7 :! 5 A ..Puluwat Is. 7 22 N 149 13 E 0.5 1.05 :! .34 3.3 .69 :! .14 9 :! 11 AYap Is. 9 30 N 138 10 E 1.5 1.01 :! .23 4,.1 .72 :! .13 9 :! 10 AMalakal Ilbr. 7 19 N 134 27 E 0.8 .98 :! .43 3.2 .67 :! .21 3 :! 18 AGuam 13 27 N 144 39 E 4.0 1.00 :! .42 4.1 .74 :! .24 "'6 :! 18 AWake Is. 19 17 N 166 39 E 4.0 .59 :! .38 2.7 .57 :! .35 31 t 42 BJohnston Is. 16 45 N 169 32 W 5.0 .90 t .18 3.6 .76 :! .15 27 :! 11 APago Pago Hbr. 14 17 S 170 40 W 2.0 .91 :! .13 7.2 .71 :! .08 0 t 6 AHilo 19 42 N 155 04 W 7.9 .57 :! .06 3.5 .55 t .06 40 :! 5 AKahului 20 56 N 156 29 W 4.0 .58 :! .14 4.2 .60 t .15 50 :! 14 AHonolulu 21 19 N 157 52 W 27.0 .61 :! .04 5.0 .61 :! .04 39 :! 4 ANawiliwili 21 57 N 159 21 W 2.0 .57 :! .38 2.2 .67 :! .54 1e :! 59 BMidway Is. 28 12 N 177 22 W 5.0 .37 1. 3 .75 44 CSan Francisco 37 4e N 122 28 W 12.0 1.22 t .31 3.1 4.35 t4.30
-3e :! 25 AMassacre Bay 52 50 N , 173 12 E 8.5 1.83 :! .70 3.7 1.12 :! .26 17 :! 34 A\
+ Signa1-to-Noise Ratio (see t'ext). *Rela ti ve to the "self-consistent" equilibrium tide (see text).
**The weighted vector-average of these stations gives IYI~ .77 :! .01 and 1/ _12°:! 10 (to compare with Hm tide).
TABLE 3.3 ~- Indian Ocean
STATION lATITUDE LONGITUDE YEARS AHPLITUDE MEAN ADMITTANCE" ADMITTANCE' REMA(In Degrees & ~linutes) of + Amplitude Phase &
~ HSL(cm) SNR IYI 1/ (deg) "Grades It
Minicoy e 17 N 73 03 E 4.0 1.45 :! .15 9.6 1.01 :! .07 8 :! 4 ADiego Garc ia 7 14 S 72 26 E 2.0 LeO t1. 06 3.2 1.15 :! .44 b :! 23 ATe 1 uk Bayur 1 00 S 100 20 E 0.6 .25 1.1 .17
-25 CColombo 6 57 N 79 51 E 0.7 1.0e 1.4 .65 13 CPort Victoria 4 37 S 55 27 E 1.0 LeO :! .83 3.0 1.21 :! .39 8 :! 1B AAldabra 91e S 46 24 E 0.4 1.75 :!1. 55 2.2 1.28 :! .86 -20 :! 45 BMauritius 20 09 5 57 29 E 3.0 .78 :! .29 2.3 .86 :! .46 16 :! 34 A
+Signal-to-Noise Ratio (.ee text). *Relative to the "self-consistent" equilibrium tide (see text).
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A - Strong Signal - SNR ~ 2 and no immediate neighbor with
amplitude ~ V HSL.ii'
B - Clear Signal - SNR :; 1. 5 and no immediate neighbor with
amplitude ;. J HSL d 'i i an
SL
V iHi ;
only one immediate neighbor with
amplitude ".
C - Possible Signal - 1.0 L SNR ~ 1.5, or no more than two immediate
neighbors have amplitudes Z V i H~L, or the tidal line appears
to be misaligned;
D - No Signal - SNR ( 1.0 or more than two immediate neighbors
,) SLhave amplitudes ~ ViHi .
These "grades" are indicated in Table 3.3. In calculating the vector-
averaged estimates from several pieces of data, only "A" and liB" estimates
were used.
It is well-known that hydrodynamical nonlinearities may produce large
tidal fluctuations at the sum and difference frequencies of two or more
of the strong diurnal and semidiurnal tides. Since several of the difference
frequencies exactly equal the frequencies of the long-period tides studied
here, it is necessary to investigate the possibility that the long-period
tides are actually due to nonlinear tides. The strongest nonlinear long-
period tide is theoretically the tide due to the interaction of the strongest
daily tides, usually the semidiurnal M2 (12. 42 hours period) and S 2 (12 hours
period) which have a difference frequency exactly equal to the weak linear
long-period tide with Doodson Number 073 555 (MSf in Table 3.2). Each
linear tide in Table 3.2 corresponds to the difference frequency of at
least one pair of daily tides that are weaker than M2 and S2' so the argu-
ment is that if the nonlinear MSf tide is small then the rest of the non-
linear long-period tides must be small. The MSf tide has been sought at
M9
all the islands listed in Table 3.3. Of the non-continental stations,
only at Christmas Island, Canton Island and Pago Pago Harbor was a tide
measureable, but even there the tides were so small that nonlinear contami-
nation of Mf and the other strong, linear, long-period tides seems unlikely.
Of the coastal stations, two, Balboa and Buenaventura, have strong MSf
tides, greater than 1. 2 cm. (The Gulf of Panama, where these stations are
located, has unusually large semidiurnaltides. ) Table 3.3 shows that
Buenaventura has an enhanced Mf admittance but not Balboa. In addition,
coherence calculations between Balboa and non-coastal stations invariably
have a peak at Mf, but this is not true for Buenaventura. The conclusion is
that the Mf measured at Buenaventura is largely due to the nonlinear tide
at that frequency, but that at Balboa, although MSf is large, Mf appears
to he primarily linear (compare Balboa and Galapagos in Table 3.3).
The admittances (Table 3.3) are compared with previous measurements
by Wunsch (1967) and Cartwright (l968) in Table 3.4. All admittance
amplitudes are relative to the self-consistent equilibrium tide of Agnew
and Farrell (1978). The admittances are equal*, within 
the error bars
(recall that the error bars are computed differently by Wunsch than here),
except for discrepancies in phase at Canton and Eniwetok and the absence of
a tide at Balboa in Wunsch's (1967) measurements. With regard to the
latter, and in light of the possible nonlinear contàmination discussed
above, the Balboa Mf tide in Table 3.3 should be viewed with caution.
A cursory examination of Table 3.3 reveals a statistically significant
non-equilibrium Mf tide in the tropical Pacific Ocean that is dependent up-
on latitude (as noticed by Wunsch (1966)) and perhaps weakly dependent upon
longitude. To isolate the dependences of the Mf tide on latitude and
longi tude. admittances from stations equatorward of 10° are plotted versus
*Note that Wunsch's data is generally a subset of that used here.
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TABLE 3.4 Comparison of Mf Admittances
STATION YEARS ADMITTANCE * ADMITTANCE* SORC REMARK
of Ampli tude PhaseE! IYI ij (deg)
Balboa B.O .91 :l .13 20 :! 7 'fable 3.3
7.6 WUsch (1967) No Visible Tide
Christms Is. 11.9 .80 :I .05 9 :l 3 'table 3. 3
2.8 .84 :l .10 18 :l 10 WUsch (1967)
Canton Is. 17.0 .80 :l .02 18 :l 2 'fle 3. 3
3.8 .76 :l .11 47 :l 12 WUsch (1967)
Hull Is. 0.8 .74 :l .39 17 :I 34 'fle 3. 3
0.7 .58 :l .27 28 :l 34 WUsch (1967)
Arorae Is. 1.4 1.06 :I .23 10 :! 12 'tle 3. 3
0.7 1.20 :! .28 -1 :! 18 Ifsch (1967)
Ocean Is. 1.1 .91 :l .46 17 :l 31 'fle 3.3
0.9 1.16 :! .32 18 :l 21 Wusch (1967)
XWaja1ein 8.0 .69 :l .08 15 :! 6 'fle 3:3
2.3 .72 :l .10 6 :! 11 WUsch (1967)
Eniwetok 6.0 .80 :l .10 9 :l 7 'table 3. 3
3.8 .66 :l .08 34 :I 10 WUseh . (1967)
Gua 4.0 .74 :l .24 -6 :! 18 'fable 3. 3
3.8 .65 :l .11 -6 :l 14 WUseh (1967)
Wake Is. 4.0 .57 :! .35 31 :l 42 Table 3. 3
3.8 .54 :I .11 31 :l 14 WUseh (1967)
Johnston Is. 5.0 .76 :l .15 27 t 11 'fle 3. 3
3.8 .62 :l .45 25 :l 46 WUsch (1967)
H110 7.9 .55 t .06 40 :l 5 Tale 3.3
3.8 .64:! .10 52 ;! 13 WUseh (1967)
Kaului 4.0 .60:1 .15 50 :l 14 Table 3. 3
3.8 .59:! .09 49 :l 13 WUsch (1967)
Honolulu 27.0 .61 :l .04 39 :! 4 'fle 3.3
3.8 .59 :l .16 51 t 19 WUseh (1967)
20.0 .66 :l .09 38 :! 6 Buk and Cartwright (1966)
sa Francisco 12.0 4.35 :!4.30 -38 :! 25 'table 3. 3
7.6 2.00 :l .70 -19 :l 26 WUsch (1~67)
*le1atlve to the "self-consistent" equUibrlui tide (s.e text) .
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~
There is a slight suggestion (not significant at the 95% level) that
the admittance amplitude and phase decrease slowly westward across the
Pacific. The zonal uniformity, mirroring the zonal independence of the
~
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forcing (3.1), is the most striking feature of the non-equilibrium tide.
The northward decrease of the admittance amplitude, and increase of the
admittance phase, is significant at the 95% level, but the significance
is gained solely on the basis of data from the Hawaiian Islands. The
close agreement between the admittances from the four Hawaiian stations is
surprising considering the possible excitation of topographic waves
(Rhines (1969)) and the diffraction of the daily tides around Hawaii
(Larsen (1977)). It is hard to imagine, however, that all four stations
have uniformy small admittance amplitudes and large phases as the result
of a purely topographic phenomenon. South of the equator, the admittance
amplitude and phase both appear to be decreasing, based on the single
station, Pago Pago. Poleward of the node (at 35°16 'N) in the Mf forcing
potential, both Massacre Bay and San Francisco (Table 3.3) have measurable
tides with admittance phases close to zero, indicating the node exists
in the ocean tide as well as the forcing. Neither station has a significant-
ly non-equilibrium tide.
The admittances from four coastal stations, Balboa and Talara in
the east and Rabaul and Dreger Harbor in the west, are included in Figure
3.4. Although none of the admittance amplitudes are significantly different
from 1.0 at the 95% level, their average, 0.82, is. Both Dreger Harbor and
Balboa have distinctly non-equilibrium phases (significant at the 95% level),
in agreement with the mid-ocean observations. More data are necessary to
ascertain coastal influences on the Mf tide.
In contrast to the Pacific Ocean, the Mf tide in the tropical Indian
Ocean is not Significantly non-equilibrium, at the 95% level (Table 3.3).
There is a suggestion that the admittance amplitude increases westward,
but much more data are needed to accurately determne the form of the Mf
98
tide in the Indian Ocean.
B. 3. Brief Remarks on the Dynamics of the Fortnightly Tide. Kagan
et al. (1976) have numerically solved the vertically-integrated Laplace
Tidal Equations for the Mf tide in the world oceans ~ with topography and
friction (horizontal and vertical) included. The model reproduces the
major features of the Mf tide that have been observed in each ocean'to
date*, but the most important dynamical terms are not obvious. The small
Q of the 5-day barotropic oscillation studied in the next section (3.C)
suggests that dissipation may play an important role in large~scale baro-
tropic oscillations. The possibility that the observed long-period tides
are strongly-damped waves needs to be re-examined analytically since
large-scale, slightly non-equilibrium solutions were excluded from Wunsch's
(1967) model by his choice of boundary conditions, i.e., the tide was
required to be equilibrium at the margins of the basin.
The exis tence of Rossby and topographic waves has not been completely
excluded by the data analysis above. One has to wonder whether the two
zones of high admittance amplitude off Brazil and Madagascar in Kagan et
al.' s (1976) numerical solution are indications of westward intensific~tion
due to Rossby waves (à la Wunsch (1967)), or are local resonances dependent
"
~~
L
. .r.
upon the particular basin geometry, similar to the amplification of the
semidiurnal tides in the Gulf of Panama.
*Note that Kagan et al.' s admittance amplitude is relative to the equilibrium
tide corrected for the yielding of 'the earth due to the potential (3.1) only"
i.e., their equilibrium tide is 0.67 times (3.2). Hence their direct com-
parison of the model admittances with Wunsch's (1967) observations is
erroneous, since Wunsch calculated the admittance amplitudes with (3.2).
Also, the lack of small-scale (0 (1000 km)) variations near the nodes of the
forcing in Kagan et al.' s model is not necessarily proof that Wunsch's (1967)
standing Rossby waves are not estab1ishedj as Kagan et aL. state. The model's
grid-scale (5° of latitude and longitude) ensures that numerical friction
will damp the small-scale waves (Harrison~ personal communication, 1979).
9lj
B. 4. Observed Monthly (Mr) Tide. Estimates of the amplitude and
admit tance of the Mm tide are lis ted in Table 3.6. Due to the larger back-
ground noise level at this longer period (see Figure 3.1), the error bars
are much larger than for the Mf tide. Frequently, the monthly tide did not
stand above the background. Estimates without error bars in Table 3.6 have
95% error bars greater than ~lOO% of the amplitude and +900 of phase.
Estimates in parentheses give the root-mean:"square background level when
no tide was discernible. If we take an average of estimates from stations
in the central-western Pacific within 10° of the equator using only esti-
mates where the tide was clearly present (grades of "A" or "B" only), then
the mean admttance is IY ¡ = .87 + .04 and ýJ= 270 :t 2°. The same stations
give i y (= .77 + .01 and 'f = 120 + 10, for the Mf tide (Table 3.3). There-
fore, the Mm tide is closer to equilibrium in amplitude, but not: in phase,
than the Mf tide.
The meridional variations of the Mf admittance shown in Figure 3.5 are
not clearly evident for the Mm tide, particularly since the error bars are
so large. Unlike theMf tide, the Mm tide in the eastern tropical Pacific
may be significantly different from the central-western Pacific tide.
Buenaventura (Table 3.6) has a very large Mm admittance amp~itude which,
like the Mf tide there, is probably due to the nonlinear tides, so Buena-
ventura is not considered further. Of the remaining four eastern Pacific
stations, two, Galapagos and Balboa, do not have a clear Mm tide even though
the background levels are low enough so that a near-equilibrium tide, as
in the central Pacific. would stand out clearly above the background. The
final two stations, La Libertad and Talara on the coast of South America~
have clear Mm tidal signals, but with phases indicating that the sea level
tide may lead the forcing. Better measurements are necessary to confirm
STATioil
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LATITUDE LONGITUDE
(In De9rees & Minutes)
!A!LE 3.6 ~ - Pacific Ocean
Ba 1 boa
BuenaV't!ntura
Li Li be r tad
Tàlara
Ga 1 apagos
Christmas Is.
Fanning Is.
Canton Is.
lIull Is.
Arorae Is.
Betio Is.
Ocean Is.
Nauru Is.
Raaul
Drege r IIr.
Majuro At.
Kwajalein
Eniwetok
Ponape Is.
Truk
Yap Is.
Malakal Bbr.
Guam
Wake Is.
Johns ton Is,.
Pago Pago IIbr.
lIilo
Kaului
lIonolulu
Nawiliwili
Midway Is.
San Francisco
Massacre Bay
8 57 N
3 54 N
2 12 S
4 35 S
o 54 S
2 00 N
3 54 N
2 49 S
4 30 S
2 37 S
1 22 N
o 53 S
o 32 S
4 12 S
6 39 S
7 10 N
8 44 N
11 21 N
7 00 N
7 27 N
9 30 N
7 19 N
13 27 N'
19 17 N
16 45 N
14 17 S
19 42 N
20 56 N
21 19 N
21 57 N
28 12 N
37 48 N
52 50 N
79 34 W
77 05 W
80 55 W
81 17 W
81 17 Ii
157 30 W
159 24 W
171 40 W
172 07 Ii
176 50 E
172 56 E
169 35 E
166 55 E
152 11 E
147 52 E
171 05 E
167 44 E
162 21 E
158 15 E
151 52 E
138 '10 E
134 27 E
144 39 E
166 39 E
169 32 W
170 40 W
154 04 W
156 29 w
157 52 w
159 21 W
177 22 W
122 28 W
173 12 E
Y~:ARS
of
~
8.0
4.0
4.0
4.5
4.0
7.0
1.5
15.7
0.9
1.4
1.1
0.9
0.8
2.0
1.1
2.0
9.0
4.0
1.5
2.8
1.5
0.8
4.0
4.0
3.0
2.0
5.9
4.0
23.0
2.0
5.0
4.0
8.5
AMLITUDE ++
iiSL(cm)
.3,5
2.00 i .46
.90 i . 34
.55 t .22
.19
.99 t .16
.26
.73 t .12
.67 i .49
.71 t .24
.43 t .22
1. 08 i . 52
(.80)
.44 t .36
.23
(.50)
.75 t .14
.57 t .36
.51 i .43
.35 i .23
(.25)
.77 t .72
.53 t .40
(.40)
.27
.32
.64 t .29
.52 t .31
.41 t .08
.49
.19
1.09
"=.74
1.3
5.2
3.3
1.S
1.2
4.7
1.1
2.9
1.9
2.3
2.7
2.7
"=1.0
1.8
1.2
"=1.0
3.9
2.1
2.0
2.1
.\1.0
1.8
1.9
"=1.0
1.2
1.2
1.9
2.7
2.2
1.4
1.1
2.1
MEAN
+SNR
ADMITTANCE.
Ampli tude ++
IYI
.48
2.61 :! .84
1.15 t .58
.71 t ;37
.24
1.17 t .23
.32
.84 t .18
.82 I .71
.92 I .31
.51 :! .30
1.24 I .68
(1.01)
.58 i .57
.33
(.63)
.95 t .22
.79 :! .66
.66 1: .67
.43 .34
(.34)
1.01 t1.13
.74 I .73
(.67)
.41
.41
1.15 t .93
1.04 !l.08
.81 I .32
.95
.64
4.99
"=.8õ
ADMITTANCE. ,
Phase
l/ (deg)
45
40 i 18
-50 :! 31
-14 :! 32
1
21 1: :i
9
32 t 12
42 i 69
52 i 23
-34 :! 38
47 :! 35
35 :! 85
-8
23 t 13
19 i 66
28 i 89
2 I 57
143 H07
20 i 82
114
-41
-15 :! 59
-17 :! 93
21 i 24
3
83
47
REMARK
&
"Grades"
C
A
A
B
C
A U
C
A U
B
B U
Cinisaligned
A
D
B ..
D
Ci misaligned
AU
B
C
B U
D
C
B
D I ,llsaligned
D
C
B
B
B
C
C
B
D i..isaligned
+Signal-,to-Noise Ratio (,ee text). *Relative to the "self-consistent" equilibrium tide (see text).
++Va1ues in parentheses are root-mean-square background levels.
uThe weighted vector-average of these stations gives IY I = .87 t.04 and $ =270 t 2°. The stations were
chosen to be within 10° of the equator in central Pacific with more than a year of data and "grades" A or B.
A total of 36.9 years went into average. See t.'ext.
STATION LITI'lUDE LONGITUDE
(In Degrees & Minutes)
H.nicoy
Diego Garcia
Port Victoria
Mauritius
8 17 N
7 14 S
4 37 S
20 09 S
73 03 E
72 26 E
55 27 E
57 29 E
+ Signal-to-Noise Ratio (5 ee text).
TABLE 3.6 ~ - Indian Ocean
YEARS
of
~
AMLITUDE
IiSL(cm)
4.0
2.3
1.0
1.5
.44
.93 1: .43
.92 t .77
1.23 i .73
MEN
SNR+
ADMITTilNCE.
Ampli tude
fyi
1.6
2.9
1.8
2.3
.55
1.20 1: .71
1.17 H.19
2.15 t2.00
ADMITTANCE.
Phase
"$ (deg)
52
-5 :! 38
-4 1: 89
27 1: 77
REMARKS
&
"Grades"
C i ndsaligned
A
C imi saligned
B
*Rela tive to the "self-consistent" equilibrium tide (see text).
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the non-equilibrium character of the Mm tide in the eastern Pacific before
speculation on the origin, of the variability becomes meaningful.
Observations of variations in the length of day (l.o.d.) make the
above analysis of the oceanic Mm tide more intriguing. Agnew and Farrell
(1976) point out that the l.o.d. observations suggest the integrated oceanic
Mf tide is slightly below equilibrium and the oceanic Mm tide is nonexistent
or in quadrature with the forcing. We have confirmed that an Mm tide does
exist in the ocean (in agreement with previous observations by Wunsch
(1967)), but with perhaps a larger non-equilibrium phase than Mf and perhaps I'
greater spatial variability than Mf, so 
that the integrated oceanic Mm tide
in phase with the forcing may be much smaller than for the Mf tide, in
,agreement with the l.o.d. observations. But without more accurate measure-
ments of the Mm tide this remains a speculation.
B.5. Observed Nine-Day Tide. The nine-day tide (Table 3.2), with only
20% of the forcing of the Ni tide, has received little attention. * If the
tide is near-equilibrium in amplitude, it will be barely visible above
the sea level continuum unless many years of data are analyzed. However, "
,
I
,
I
I
some spectra, and numerous cross-spectra, signal the presence of the nine-
day tide, especially in the western Pacific where the sea level power density
spectrum from Truk Atoll (Figure 3.6) clearly shows the nine~day tide, as
well as Mf and Mm. Strong peaks in the coherence between sea level.
measured at Kwajalein and Eniwetok (Groves and Hannan (1968, Fig. 7a)) can
be attributed to the nine-day and fortnightly tides.
Estimates of the amplitude and admittance of the nine-day tide
(Doodson No. 085 455) are listed in Table 3.7. When no clear tide was
present and the root-mean-square background level was larger than the
equilibrium nine-day tide, no entry was made in the table. Estimates
*Maksimov et al. (1967) studied the nine-day tide with Arctic sea level
data, but their work leaves some perplexing questions unanswered.
102
ioB
PEA I DO (DAYS)
360 1eo 100 6040302015108651132
107
i 06
105)-f-l- Mf(f
Mm
~
Z
W 1011
l0
cr 9-0ClY
W
l~Ð i 0' -CL
TRUK R T . SU
10z
101
95ï.
10°
10 -s 1 a-I¡ 10-'
FREQ.UENC Y
10-!!
(C P H)
Figure 3.6 - Power density spectrum of 4 years of sea level data from
Truk (7°27'n, 151 °S2'E), clearly showing the three strongest long-
period t ides (as marked). The 95% confidence interval plotted does
not pertain to the deterministic tidal signals. Otherwise, the
spec trum is plot ted as in Figure 3.1.
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lU4
without error bars have 95% error greater than +100% of amplitude and
+90° of phase. Values in parentheses are root-mean-square estimates of
the hackground level at 9.1 days period. The six most reliable estimates
of the nine-day tide admittance in the Pacific (Table 3.7) have been
vector-averaged, weighted by data length, to give, IY/= .87 + .25 and
f= 12° + 14°. This is to be compared with lyl= .77 + .01 and
t = 12° + io for the average fortnightly tide from the same six stations
(Table 3.3). Although we cannot accurately describe the structure of the
nine-day tide from the observations, the tide is clearly measurable from
sea level records in the tropical Pacific and Indian Oceans, and hence m~st
be reckoned with in later studies of equatorially-trapped waves.
B.6. Conclusions and Discussion on the Long-Period Tides. We have
found that the long-period tides* are slightly non-equilibrium in the
Pacific Ocean, and have suggested that the dynamics of the tides are domi-
nated by frictional forces. The existence of these tides, especially the
nine-day tide, is crucial to the interpretation of sea-level cross-spectra
in the equatorial waveguide. No free oscillations at the tidal periods are
clearly present, although the spatial coverage of the dataset is not
adequate for detecting the standing Rossby modes described by Wunsch (1967).
Certainly, the gravest, "circulating" Kelvin modes of an equatorial basin
(postulated by Philander (1978) ) are not evident. (Indeed, the dynamical
Mf tide component in the Pacific increases in amplitude away from the equa-
tor, which is decidedly un-Kelvin-like behavior.)
No propagating coastal tides, as Picaut and Verstraete (1979) found
along the Gulf of Guinea at the MSf tide period '(14.765 days), are clearly
present in the eastern Pacific, although the nonlinear MSf tide does have
*The work on long-period tides by Maksimov (1966 and others) has not been
discussed in relation to our results due to the unreliability of his esti-
mates and the lack of error analysis (see comments by Wunsch (1966, p. 26)).
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a northward phase lag between Buenaventura and Balboa in the Gulf of Panama.
It is reasonable to assume that all the long-period tides in the 2-90
day band* are approxiniately equilibrium. Since the equilibrium amplitudes
of all the tides not discussed above (i.e., excluding the Mr, MSf, Mf and
nine-day tides) are well below the background levels of the sea level
spectra, we do not expect these other tides will contaminate the sea level
analyses discussed in subsequent sections of this chapter. In support of
this claim, note that Miyata (1970) computed the sea level power density
at Canton (2049'S, l7l040'W) that was coherent with the astronomical tidal
forcing, and found that, aside from the four tides above, only the five-
and seven-day tides accounted for even one-tenth of the raw sea level power
at their tidal periods.
Further steps in the investigation of the long-period tides are
suggested by this work. Simple theoretical models can examine the sensi-
tivity of the tides to friction in its various forms for simple basin
geometries. Future observational studies can take advantage of the
relationships between sea level and weather (by removing the effects of
weather on sea level), thereby reducing the llnoise" level and improving
the estimates of the long-period tides (Cartwright (1968)).
C. Barotropic Normal Modes
The theory of equatorially-trapped inertia-gravity waves defines a
narrow zonal band about the equator, poleward of which the oscillations
decay as a Gaussian of latitude (see equations (l.25) and (1.27)). For
the 4- and 5-day peaks in Figure 3.1, which have been identified as the
signature of inertia-gravity waves (Wunsch and Gill (1976) and the next
section), the theory predicts that the power in the sea-surface displacement
~See Godin (1972; pp. 220-222) for a listing of the tides.
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Figure 3.7 - Coherence amplitude and phase between 4 years of sea level
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to indicate that its 95% level of no significance is higher than that
plotted.
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Figure 3.8 - Coherence amplitude between sea level records, showing large
4-6 day amplitude. (a) 4.7 years from Guam (l3°27'N, l44°39'E) and
Truk (7°27'N, lSl0S2'E). (b) 2.5 years from Balboa (8°57'N, 79°34'W) and
Talara (4°35'S, 810l7'W). Plotted as in Figure 3.7.
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the stations with cotemporal sea level and weather records ~ are tabulated
in Table 3.8. A positive phase indicates sea level leads air pressure.
Table 3.8
Coherence Arpli tude and Phase Between Sea Level
and Surface Air Pressure in the 4-6 Day Band
Station Latitude Longitude Amplitude Phase (deg)+
Balboa 8°57'N 79°34'W .46 -173 + 11
Galapagos 0° 54' S 89°34'W .44 -152 + 15
Canton* 2049'S l71040'W
Kwaj alein 8°44'N l67°44'E .33 114 + 21
Eniwetok ii02l'N 162° 21 'E .32 133 + 32
Truk r27'N 151 ° 52' E .56 127 + 14
Guam l3°27'N l44°39'E .45 139 + 14
Wake 19°17'N l66°32'W .42 129 + 18
Johnston'" l6°45'N l69°32'W
Hilo 19°42'N L55°4'W .59 162 + 10
Honolulu 21 ° 18' N l5r52'W .45 163 + 9
Midway 28°l2'N 17r22'W .66 159 + 8
*Coherence amplitude below the 95% level of no significance.
+ Error bars are the 95% confidence limits.
The coherences for Kwajalein, Eniwetok and Hilo in Table 3.8 are in
excellent agreement with the sea level - weather regressions computed
by Groves and Hannan (l968) and Miyata and Groves (1971) using datasets
that do not temporally overlap those used here. Both papers indicate
the 4-6 day band is unusual in that sea level is coherent with atmospheric
III
pressure and does not respond statically, like an "inverted baromete.r".
Note that the multiple regression of sea level on atmospheric winds and
pressure at Kwaj alein and Eniwetok (Groves and Hannan (1968)) yielded a
modulus for both islands of NO.5 cm/mb for the amplitude response of sea
level to air pressure at 4-6 days. This modulus is significantly differ-
ent from the static 1 cm/mb with 95% confidence.
C. 2. Possible Planetary Basin Modes.
Since sea level is coherent in the 4-6 day band over large distance.s
(Figure 3.10), the oceanic oscillation must be narrow-band in wavenumber,
and since the oscillation extends into mid-latitudes (Figure 3.10a), the
only plausible explanation is that the oscillation is 'a barotropic normal
mode of the Pacific basin, probably a planetary (Rossby) mode*.
The search for planetary waves in the Pacific began with Groves and
Zetler's (l964) calculation of the coherence between sea level measured,
at Honolulu and San Francisco. Their results are in excellent agreement
with Figure 3.l0a, but without further evidence they could not prove that
the coherence in the 4-6 day band indicated the presence of a large-scale
ocean wave. Groves and Hannan (1968) made a more determined attempt to
find planetary waves in sea level measurements from Kwajalein and Eniwetok. it
After removing the effects of local weather on sea level, they concluded
that a small amount of planetary wave energy was present in the 5-10 day
band.
Longuet-Higgins (1966), in a study of the planetary modes of a hemis-
pherical basin centered at the equator, suggested that a small peak at 2
*On the basis of a single sea level-atmospheric pressure coherence
function (from Canton), Wunsch and Gill (1976) postulated a "resonant
barotropic response" at 5.4 days period.
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Figure 3.10 - Coherence amplitude between sea level records" showing
significant amplitude in the 4-5 day band. (a) 7 years from Honolulu
(21019'N, lS7°S2'W) and San Francisco (3i048'N, l22°28'W). (b) 7 years
from Canton (2049'S, l7l040'W) and Balboa (goS71N, 79°34'W). Plotted as
in Figure 3.7.
L13
days period in the power spectrum of sea level at Honolulu (computed by
Munk and Cartwright (1966)) was an indication of the gravest planetary mode
of the Pacific Ocean. In a later note, referring to the sea level coher-
ence between Honolulu and Mokuoloe on the island of Oahu (computed b;
Miyata and Groves (1968)), Longuet-Higgins (1971) retracted this initial
suggestion, but argued that peaks in the coherence at 0.35 and 0.23 cpd
~ possibly manifestations of the gravest planetary modes of the Pacific.
The peaks could also be due to iSland-trapped waves, he noted. Surpris-
ingly, LeBlond and Mysak (1977; p. 164) recently stated that the 0.23 cpd
peak is due to the inertia-gravity waves observed by Wunsch and Gill
(1976); this is incorrect since the inertia-gravity waves at that
period are miniscule at lOoN., let alone 21 oN, the latitude of Honolulu.
Several investigators have computed the gravest planetary eigenfre-
quencies and eigenmodes for geometries idealizing the Pacific basin. The
eigenfrequencies for the lowest modes, from the most thorough analyses,
are listed in Table 3.9.
indicated in the table.
The gross differences in the model dynamics are
The frequency-spacing between modes is small,
even for the gravest modes, and decreases for the higher modes so that the
modal spectrum approaches a continuum as the frequency decreases if a
small amount of friction is included (see, for example, Harrison (1979)).
Identification of the real ocean mode(s) responsible for the 4-6 day
coherences in Figures 3.7-3.10, solely by matching the observed and theo-
retical frequencies, is impossible without a complete numerical solution
with realistic geometry and topography, since the theoretical frequencies
are strong functions of basin dimensions, depth and bottom slope. Longuet-
Higgins (1965) found that for a mid-latitude rectangular basin the fre-
quency increased as any basin dimension increased. Therefore, in a later
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paper, Longuet-Higgins (1 Y7 1) reduced the frequencies of
the gravest modes of a hemispherical basin (computed by Longuet-Higgins
and Pond (1970); see Table 3.9) by 30% to match the modes with observations
from the Pacific. But ~wfjeld and Rattray (1971) found that for a rec-
tangular basin centered on the equator the frequency is actually a strong
function of the ratio of the two basin dimensions. We have not attempted
to adjust the mode periods in Table 3.9 for any differences between the
model basin dimensions and the dimensions of the Pacific Ocean. Such an
adj ustment is especially futile since topography (shelves, ridges, etc.)
has been found to increase strongly the frequencies of the planetary basin
modes in numerical models (Christensen (1973b) and Platzman (1975)) and
analytical studies (Ripa (1978)).
The models listed in Table 3.9 differ substantially in their choices
of horizontal boundary conditions. Although the periods of the gravest
modes are relatively insensitive to the boundary conditions (Buchwald
(1973), Flierl (1977)), the improper choice of boundary conditions may
arbitrarily rule out possible solutions to the quasi-geostrophic equations,
leading to incorrect conclusions regarding comparison with obser-
vations. For instance, Longuet-Higgins (1971) dismisses the sea level
coherence (or lack thereof) between Honolulu and San Francisco (as com-
puted by Groves and Zetler (1964), but see Figure 3.l0a) since "the verti-
cal displacement is theoretically small" there, but this "theoretical II
result was due to the too-restrictive requirement that the stream-function
be zero on the horizontal boundaries (Longuet-Higgins (1965, 1966)).
Larichev (1974) emphasized that since the theoretical planetary modes can
I'
I
i
i
i
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have significant displacement at the boundaries, long records of sea level
at coastal stations may be useful for studying the modes in the real oceans.
C. 3. ,_y~,,_e_'!~Il~_erl:.8_t-t-ma tes of the Oceanic Wave.
The planetary eigenfunctions corresponding to the eigenfrequencies in
Table 3.9 are characterized by the presence of a westward-propagating com-
ponent (Longuet-Higgins (1965)), as well as a standing component. For
the gravest planetary modes, the standing component has such a large scale
that only the propagating component is likely to be detected in sea level
cross-spectra. Table 3.10 lists the sea level coherence amplitude and
phase in the 3.5-6.0 day band for various station pairs. The band, 3.5-
6.0 days, was chosen so as to increase the degrees of freedom in the co-
herenceestimate after it was found that the phase changed little across
this band. In general, the resolution of the original coherence computa-"
tion was chosen to produce 6 estimates in the 3.5-6.0 day band. The esti-
mates with significantly nonzero amplitudes (at the 90% level) were then
vector-averaged to produce a final estimate which appears in Table 3.10
if the amplitude is significantly non-zero (at the 95% level). Coherences
have not been computed for all possible station pairs, but only a repre-
sentative sampling. In anticipation of the large zonal scale of the os-
cillation, only station pairs separated by more than 10° of longitude are
included in Table 3.10. And finally, only station pairs with at least
one station poleward of 8° from the equator are considered, in order to
avoid "contamination" by equatorially-trapped inertia-gravity waves at
4-6 day periods.
The only consistent interpretation of the phases in Table 3.10 is
that the oceanic mode is westward propagating with a very large wave-
length. Since the wavelengths of the propagating components of the
117
TABLE 3.10 Coherence Amplitude and Phase Between Sea Leve 1 Records--
D.5-6.0 Day Band)
STATION 1 (a) STATION 2 AMLITUDE (b) PHASE (c) LATITUDINAL LONGITUDINAL ZONAL (d)
27Ta (e)
,(deg) Separation Separation Separation T(d",q) (deg) (km) x
Honolulu Balboa
.25 126 :! 33 12.4 78.3 8622
-3.0 :! 0.4Canton Balboa .24 73 :! 26 11.8 92.1 10140
-3.2 :! 0.3Xwajalein Can ton .30
-13 :! 17 11.5 20.6 2294
-0.6 :! 0.8Truk Kwaja1ein
.38
-8 :! 13 1.3 15.9 1721
-0.5 :! 0.8Eniwetok Canton
.44 0 :! 27 14.2. 26.0 2811 0.0 :! 1. 1Yap Truk
.49
-11 :! 19 2.1 13.7 1476
-0.8 :! 1.4Guam Kwaja1ein
.40 0 :! 15 4.7 23.1 2400 0.0 :! 0.7Guam Eniwetok
.50
-40 :! 26 2.1 17.7 1883
-2.4 :! 1.5Guam Wake
.34 -26 :! 16 5.8 22.0 2487
-1.2 :! 0.7Wake Johnston
.35
-31 :! 22 2.5 23.8 2488
-1.4 :! 1.0Xwajalein Honolulu
.34 -98 :! 29 12.6 34.4 3812 -2.9 :! 0.9Johnston Hilo .26
-49 :! 24 3.0 14.5 1533
-3.6 :! 1. 7Can ton Honolulu
.24
-52 :! 22 24.1 13.8 1518
-3.8 :! 1.6Canton Hilo .24
-62 :! 26 22.5 16.6 1814
-3.8 :! 1.6Kwajalein Pago Pago
.35 -25 :! 33 23.0 21.6 2440
-1.1 :! 1.5Pago Pago Hilo .33 -27 :! 36 34.0 15.6 1668
-1.8 :! 2.4Massacre Bay Hilo .26
-50 :! 25 33.1 31. 7 2319
-2.4 :! 1.2Honolulu San Francisco
.26 .,127 :! 20 16.5 35.4 3080 -4.6 :! 0.7Hilo San Francisco .27 -142 :! 18 18.1 32.6 2784
-5..7 :! 0.7Massacre Bay San Francisco
.18 123 :! 28 15.0 64.3 5103
-5.2 :! 0.6
Notes: (a) Station 1 is always westward of station 2.
(h) Coherence amplitudes have not been corrected for bias, but all ~ significantly non-zero
at the 95\ level.
(c) Positive phase indicates first station leads second. Error bars are 95\ confidence limits.(d) The distance (in km) of each station from the 160' W meridian is used for computing the
zonal separation.
(e) ).
x is zonal wavelength (calculated using the zonal separation) and "a" is the radius of the
earth. Error bars are 95\ confidence limits. Negative values imply westward propagation.
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gravest antisymmetric and symmetric planetary modes (Figures 2 and 7,
respectively, in Longuet-Higgins (1966) *) are nearly independent of lati-
tude, the phases in Table 3.10 are used to compute the zonal wavelength,
Åx' of the oscillation after first converting the position of each, station
into a distance east or west from the mid-basin meridian of 1600. (N.b.,
for f! -plane models of planetary modes, the wavenumber of the propagating
i
component is independent of latitude and mode. This is not the case for
spherical basins wherein the modes may even have amphidromic points, indi-
cating eastward propagation in some regions ,(Longuet-Riggins (1966)). For
1. 11 Gl -- .a 5-day period mode of an equatorial l -plane model, -- = = - 5 cycles!1\)( ;i (,
circumference. )
The normlized wavenumbers, 7.~a. , listed in Table 3.10 are also plotted
in Figure 3. ll. Although the scatter is large, westward propagation is
clear. There is a suggestion that the wavelength is decreasing with lati-
tude (see Table 3.10), but it is not useful to interpret the variations in
term of existing constant-depth models because topography can be expected
to alter the eigenfunctions significantly (Platzman (1975)).
The most poleward stations in our dataset, Massacre Bay (53°N) and
Pago Pago (14°S), have been included in Table 3.10 in support of the hypo-
thesis that the oscillation is basin-wide. There is no indication from the
coherences of a node at the equator, so the sea-surface displacement is
apparently symetric about the equator. The periods of the gravest sym-
metric modes (Table 3.9) lie in the 4-6 day band.
C.4. Power Density.
The 4-6 day oceanic oscillation, which is clear in the coherences
*Note that in Longuet-Higgins (1966) symetry properties refer to the
streamfunction, whereas symetry properties here refer to sea surface
displacement.
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Figure 3.11 -Normalized wavenumbers, ~ rr~, plotted vs. zonal separation,
as listed in Table 3.10. The zonal separation bwteen two stations is
defined as the difference bwteen the station distances, measured east-west,
from the l60° iv meridian to the stations. The wavenumber, ~, is computed
from the sea level coherence phase in the 3.5-6.0 day band, using the
zonal separation just defined.
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(Figures 3.7-3.10), is difficult to detect in the power density spectra.
This is an indication that dissipation has smeared the frequency response
into a broader frequency range, affecting the power spectra, while the
narrow-band wavenumber structure, revealed in the coherences, is unaffected.
Dissipation can be expected to skew the amplitude structure so that the
strongest amplitudes are in the west (Wunsch (1967)), and in fact, we find
that the sea level power spectra in the West Pacific do suggest a peak
around 5 days, as in Figure 3.l2a, the power density spectrum of sea level
from Eniwetok*. However, the sea level spectrum at nearby Wake Island
(also shown in Figure 3. l2a), has only a slight "plateau" at 5.4 days.
Eniwetok and Wake are strongly coherent at N5 days (Figure 3.l2b).
The ",5-day "peak" at Eniwetok is not convincing evidence for the
presence of oceanic waves, but, assuming it does reflect the presence of
the barotropic ocean wave, the rms amplitude of the ocean wave is estimated
to be 0.35 cm, using a Q of 4. (For calculating the Q a~, 6:was
estimated from the coherences and is certainly underestimate~ so Q=4 is an
upper bound for the oscillation.) Groves and Hannan (1968) estimated that
the planetary wave energy at N 5 days period at Kwaj alein and Eniwetok cor-
responded to an rms sea level amplitude of 0.5 cm. If we assume )= -.f r
~
(Longuet-Higgins (1965)), where J is sea-level displacement and r is a
¿
;~~
~t
stream-function (LA c: ~ and v '" - ~ ), then the rms current ampli-
tude at Eniwetok associated with the planetary waves is around 0.2 cm/s,
which should be detectable in kinetic energy power spectra from the deep
ocean if the energy in the deep Pacific has levels similar to those found
in the Atlantic during the Mid-Ocean Dynamics Experiment (Richman, Wunsch,
*It is shown in Section 3.D.12.b that the N5-day peak at Eniwetok is
definitely not due to equatorially-trapped inertia-gravity waves.
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and Hogg (1977), Figure 2lb).
C.S. Conclusions and Discussion. We have shown that a 4-6 day, non-
static oscillation of sea level exists in the Pacific Ocean. The basin-
wide character of the oscillation implies that it is barotropic. The
large coherence length of the oscillation suggests narrow wavenumber band-
widths; or, since the oscillation can be described as a summation of the
norml modes of the basin, the large coherence length implies the presence
of only a small number of modes. Since no nodes were found anywhere in
the basin, the gravest symetric planetary mode is probably the only basin
mode that is significantly excited. The observed westward propagation
further supports the suggestion that a barotropic, planetary mode of the
Pacific basin is present at 4-6 days. To give the reader a rough idea of
the horizontal structure of this 4-6 day oscillation, we present in Figure
3.13 the surface displacement of the gravest, symetric planetary mode of
a flat-bottomed hemispherical basin. Figure 3.13 is taken from Christensen
(1973a), who computed the gravest planetary eigenfunctions for a hemis-
pherical ocean 4 km deep, using procedures outlined by Longuet-Higgins and
Pond (1970).
It seems more than coincidental that the observed 4-6' day oceanic os-
cillation has nearly the same theoretical meridional structure (Figure 3.13)
as the ø5-day barotropic atmospheric wave (Figure 2.9c), which is clearly
forcing the oceanic wave (Section C. I). We suggest that the similarity
of the meridional structures of oceanic and atmospheric modes produces
larger oceanic amplitudes than would occur if the forcing was completely
random. (Remember that the oceanic oscillation has a low Q, i.e., that
it is strongly damped.)
With regard to the study of equatorially-trapped waves, it is impor-
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Figure 3.13 - Surface displacement eigenfunction for the gravest, symmetric
planetary mode of a hemispherical basin centered on th~ equator. Depth= 4km.
Upper: real part. Lower: imaginary part. (Taken from Christensen
(1973a; Figure I)).
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funt to note that this planetary mode dominates the 4-6 day sea level co-
herence in the eastern equatorial Pacific (see Figures 3.8b and 3.9b) and
western equatorial Pacific (see Figures 3.8a and 3.9a), and the mode may
contaminate the wavenumber estimates of the equatorial inertia-gravity
waves in the central Pacific.
A final point is that Figure 3.10 suggests the presence of at least
one additional oscillation, at 3 days period. Although the 3-day coher-
ence peak is not always present (Figures 3.7 and 3.8), the coherence amli-
tude between Midway and Johnston is so large (Figure 3.14) that the pos-
sibility of a planetary mode, perhaps topographically trapped (see Platzman
(1975)), is worth further investigation.
D. Observations and Models of Equatorial Inertia-Gravity Waves
In 1976, Wunsch and Gill presented evidence demonstrating that the
3-, 4-, and 5-day peaks in equatorial Pacific sea level spectra (Figure
3.1) are manifestations of first-baroclinic inertia-gravity waves. They
argued that the ocean is in resonance near the frequency where the zonal
group velocity is zero for each meridional mode (that is, where ~s= -1/2
k
.'~
1:
~r
in Figure 1.1). The validity of Wunsch and Gill 's (hereafter, WG) con-
clusions are re-examined in this section, with a view toward extending our
knowledge of the kinematics and dynamics of inertia-gravity waves near the
equator. Re-examnation is possible because: (1) we have a priori know-
ledge of the existence of a barotropic oscillation at ~5 days, which could
have misled the study; (2) the temporal and spatial coverage of this
dataset far exceeds that examined by WG; and (3) we have improved know-
ledge of the frequency-wavenumber spectra of the surface winds that
directly generate at least part of the inertia-gravity wave spectrum.
The presentation of results is simplified by assuming the WG con-
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elusions are working hypotheses to be tested. Specifically, we consider
the following hypotheses: (1) the ocean is in resonance, that is, vertical
and meridional modes have been established; (2) energy is concentrated
(without specification of cause) in the neighborhood of the frequency-
wavenumber points where the theoretical zonal group velocity vanishes; and
(3) peaks occurring in the tropical sea level spectra, in accordance with
(I) and (2), are first-baroclinic modes (that is, for the moment we assume
only the first baroclinic mode produces substantial sea level deflections
above the background "noise" level).
The first test of the hypotheses (Section 3.D.l) is whether or not
the observed peaks in Pacific sea level spectra correspond to the periods
predicted from the linear theory. The theoretical predictions require
knowledge of the baroclinic "equivalent depths", which are obtained numer-
ically using vertical profiles of mean buoyancy frequency. The agreement
between theory and observations is good. However, in Section 3. D. 2, we
demonstrate that inertia-gravity wave energy is not uniformy distributed
along the equator in the Pacific, indicating the importance of processes
ignored in the simple theory, such as topographic dispersion, reflections
from meridional boundaries and/or longitudinai variations in the forcing.
This zonal variability precludes the possibility that a "universal"
spectrum might describe the energy distribution of low-mode equatorial
inertia-gravity waves.
Testing the hypotheses further, the observed meridional variation of
the power density for the two gravest meridional modes in the Pacific
is compared with theory (Section 3.D.3). Given the success of this com-
parison and that in Secion 3.D.l, higher modes can be identified in the
most energetic subsets of the Pacific data (Section 3.D.4). It is sug-
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gested that the Pacific equatorial sea level spectra, from periods slight-
ly longer than the diurnal tides to the three day period, are dominated by
baroclinic inertia-gravity waves. The scanty Indian Ocean observations
are examined for inertia-gravity waves in Section 3.D.5.
Unlike measurements of current and vertical displacement below the
sea surface, the filtering effect of the sea level observations enables
the estimation of zonal wavenumber bandwidths (Section 3.D.7) from sea-
level cross-spectra without substantial contamination from the higher
vertical modes. Before computing the wavenumber bandwidths, the possible
sea level expressions of the higher vertical modes are computed in Section
3.D.6 for an exponential Brunt-VHisRlM profile underlying a homogeneous
mixed-layer.
Inertia-gravity wave energy is stationary over a long period of time,
but typical stochastic fluctuations of the wave field can produce disturb-
ingly dissimilar spectra from consecutive years (Section 3.D~8).
Frequency bandwidths of the sea level peaks for each meridional mode
are estimated in Section 3.n.9. One of the possible explanations of the
bandwidths is that the width mirrors atmospheric forcing (a non-oceanic-
resonance hypothesis). This possibility is examined in detail in Section
¡c
r
3.D.10, where evidence of atmospheric forcing (or lack thereof) for each
mode is presented and the dynamics of the air-sea coupling are briefly
discussed.
The properties of inertia-gravity waves in the Pacific, as found in
this study, are summarized in Section 3.D.ll, where the arguments for
and against oceanic resonance are explicitly enumerated. As further
evidence that the simple linear theory of inertia-gravity waves explains
the observed spectra, an energy spectral model is created, using the
129
sp.a-level spectrum from a single island, to predict the sea-level spectra
at other islands (Section 3. D. 12) . The arbitrariness of choices of fre-
quency-wavenumber dependences in the model is emphasized, as are the dif-
fering dynamical arguments underlying the specification of the "low"-fre-
quency equatorial internal wave spectrum versus the "high"-frequency mid-
latitude internal wave spectrum. It would be useful to take the modelling
a step further and attempt to produce the sea level spectra from the
forced linear equations using the observed frequency-wavenumber spectra
(Chapter 2) of the surface atmospheric fields. To do this would require
including both dissipation and some model of the boundary-layer coupling
between surface wind stress and the oceanic waves, a more extensive effort
than is feasible for the present investigation.
D. 1. Identification of Pacific Sea Level Spectra Peaks as Inertia-
Gravity Waves by Comparing Observed and Predicted Periods. The Pacific
sea-level spectra that exhibit peaks in the 3-5 day range, which are sus-
pected to be due to inertia-gravity waves, are shown in Figures 3.l5a and
3. l5b. The spectra have been arranged according to the volume of data
available at each station, as indicated. The straight lines have slopes
of -4/3 and identical y-intercepts and are intended as references for
comparing spectral levels and shapes. Frequency-band averaging has been
adjusted so that the resolution in the inertia-gravity wave band is nearly
identical for each spectrum.
Whether a peak occurs for a given meridional mode at any island should
depend upon the energy in the mode and the latitudinal structure of the
mode (see equations (1.27b) and (1.28)). (Remember that at this point we
are assuming only the first baroclinic mode will substantially affect the
sea level observations.) Consequently ~ meridional mode identification
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may seem arbitrary, since a peak may be strong at one island and not exist
at another. The criterion used is the rather obvious one (for the gravest
modes) of identifying the mode number of a peak by its proximity in fre-
quency to a predicted peak.
The predicted peak periods are hypothesized to occur where the zonal
group velocity (c ) is zero for each meridional mode; that is, wheregx
ds: - y~ (Figure l.l). Using (1. 33b), the predicted periods (in days) are,
for baroclinic mode r and meridional mode n,
'/'1
( \' l '/-¡ r/~
l' , \, 1., . . .
Tr-h '" €r J ",'1+ n+ 0.6)J 2 r=I,:t,...
where 1..n~o.1.1t.~~i
We could
and is determined from the vertical structure equation
(1. 17) . arbitrarily choose éi to match one predicted peak with
one observed peak at each island, then determine whether the remaining ob-
served peaks correspond to prediction (à la WG). However, if ~l can be
estimated independently we will have a more meaningful test of the simple
linear theory, since it has been shown (McPhaden and Knox (1979)) that
strong shears in the equatorial currents can alter the periods of the group
velocity zeros (as well as the meridional structures) of the inertia~
gravity waves.
Estimates of ~l have been obtained by a method that is sufficiently
novel, and perhaps controversial, that it deserves a few comments here.
Bell, Mays and deWitt (1974) have produced profiles of the Brunt-V~is~l~
frequency at standard depths to 500 meters, using .~ observations from the
NODe archives, averaged over 50 squares for each of the four seasons. An
exponential tail was appended to these Brunt-Vaisala profiles and hi (and
t:i) were computed using a numerical solution to the Boussinesq form of
(1.17) (the program was written by James Richman). Ocean depths for each
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5° square were estimated from topographic charts and the e-folding depth
was always 1.3 km (à la Garrett and Munk (1972)). The assumption here is
that by far the most important horizontal variations in density, those
which will cause horizontal variations in € l' occur in the top 500 meters,
which includes the entire thermocline near the equator. The computations
2lla
showed an increase of cl (Ci=Jghi = ~ ) near the equator from N2.30 m/s
IJ t:,
at 900W to a maximum of ~3.00 m/s at 180°, declining to N2.60 m/s at l400E.
The speed cl increases poleward from the equator, in accordance with the
deepening of the thermocline, which slightly strengthens the equatorial
trapping of the inertia-gravity waves. (From Richman et aL. (1977) ,
cl"" 3.27 m/s in the MODE region of the Atlantic .J
The estimates of E:1 for the 5° squares containing each of the island
stations were used in the computation of the inertia-gravity peak periods.,
More sophisticated schemes of weighting the density field with the meri-
dional structure functions are not warranted with the coarsely-sampled
density field at hand.
One can imagine that this scheme of estimating Ei is subject to
several sources of error. Many 5° squares had no observations at all,
others had all their observations concentrated in one season (collected
by one ship during one year?). Little can be done about the sampling
density except to note the number of observations used to compute each
buoyancy profile. The computation is not very sensitive to either the
e-folding distance or the ocean depth.
Table 3.l1 lists the observed periods of the suspected inertia-gravity
peaks for the islands in Figure 3.15 \.¡ith more than six months of data.
The predicted periods found from (3.6), using Bell et al.' s (1974) data to
obtain t 1 for each island, are also listed. The comparison identifies
ll1l
TABLE 3.11 - Observed and Predicted* Periods ~f_ Inertia-Gravitv
Sea Level Peaks
Periods + (days) for Mode No. EigenvaluesIn
NPTS** 1 2 3 4 5 Jë ~
Canton Sea Level 17.7 5.06 :1.15 3.95 :1.10 3.30 :1.06 2.92 :1.05 2.66 :1.04 306 3.03
Density 28 5.24 4.02 3.39 2.99 2.70 320 2.90
Christmas Sea Level 12.1 5.33 :!.15 4.04 :!.10 NP 2.99 :!.05 NP 325 2.85
Density 42 5.35 4.11 3.05 334 2.78
Fanning Sea Level 2.6 5.12 :!.15 nn fI NP NP 306 3.03
Density 42 5.35 334 2.78
Betio Sea Level 2.5 5.08 :!.15 3.92 :!.10 NP NP NP 303 3.06
Density 146 5.17 3.96 311 2.98
Majuro Sea Level 2.0 5.33 :!:15 3.78 :!.08 3.24 :!.05 2.75 :!.04 2.53 :!.04 294 3.16
Density 63 5.40 4.14 3.49 3.08 2.78 340 2.73
Nauru Sea Level 2.0 5.23 :!.15 NP NP NP NP 319 2.91
Density 87 5.22 318 2.92
Arorae Sea Level 1.9 5.76 :!.22 3.87 :!.10 NP NP NP 297Ø 3.12
Density 21 5.15 3.95 309 3.00
Ocean Sea Level 1.9 5.27 :!.15 4.04 :!.10 NP 3.04 :!.06 NP 326 2.85
Density 87 5.22 4.01 2.98 318 2.92
Hull Sea Level 0.8 5.09 :!.15 3.90 :!.10 3.37 :!.07 2.97 :!.05 NP 309 3.00
Denslty 28 5.24 4.01 3.39 2.99 320 2.90
* Predicted periods are calculated using equivalent depths from numerical solutions to the vertical kstructure equatio~ with the observed density field to 500 meters (see text). ;'~
** NPTS is number of years for sea level data and number of profiles for density data. LH
+ Periods for sea level data are approximate (center) periods of observed peaks. HP' No P...ie .i.....~. -i";!,,~- -.
I .¡, '1A"/~, where 1'-7.27221110-5 s-', a=6.378-lO'm, c,'f;. . ,~'l.f1 ..Is- .
II Second and third mode peaks at Fanning appear smeared together.
~ The period of the n-l mode is abnormlly high and is excluded from the calculation of /C, .
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the suspected meridional mode number for each observed peak thus allowing
computation of an average fi' also listed, from the observed peaks. Con-
sidering the rough approximation to the density field, the agreement
between the periods of the observed peaks and the periods predicted
from (3.6) is remarkably good. The serious disagreements are at Fanning,
Majuro and Arorae. The Fanning observations are surprising, considering
the resul ts for nearby Chris tmas. It is possible that the dens i ty field
during the Fanning sea level observations differed substantially from the
density field estimate used here. The same may be true for Majuro and
Arorae, although for these islands topography may also be a factor.
Notice, however, that Betio, which is between Majuro and Arorae, shows no
significant discrepancy between observed and predicted periods.
I,
I
i
i
It is worth mentioning that, independent of modal interpretation,
the shortest period peaks in the Canton and Christmas spectra, 2.66 and
2.99 days, respectively, are significant at the 95% level, as first found
by Groves and Grivel (1962) at Canton.
D.2 Zonal Variations of Inertia-Gravity Wave Energy in the Pacific.
Figure 3.16 shows the sea level spectra from three islands near 7°N and
three islands near the equator. The spectra demonstrate a reduction in
the amplitudes of the low-mode inertia-gravity waves in the east Pacific
and west of the Marshall Islands. Each group of stations was chosen to
minimize amplitude variations due to the meridional structures of the
inertia-gravity waves. In addition, the Majuro and Ponape, and Christmas
and Galapagos, datasets used to cons truct Figure 3.16 were chosen to be
cotemporal to avoid amplitude variations that might be expected for a
stochastic process over short periods of time. Note that the background
levels are nearly identical for all the spectra in the inertia-gravity
136
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Figure 3.16 - Sea level power density spectra from selected stations
showing zonal variation in inertia-gravity wave energy. The Christmas
record is edited to correspond with the time of the Galapagos data.
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band, removing the possibility that fluctuations in the "noise" level ac-
count for the lack of peaks at Galapagos, Ponape and Truk. *
On the other hand, kinetic energy spectra computed from observations
by Harvey and Patzert (1976), taken 500 km due west of the Galapagos
Islands, have "peaks" in the 4-5 day band (Patzert, personal com-
munication, 1978). The records are too few (2 current meters) and too
short (N2 months) to identify first-baroclinic inertia-gravity waves.
Additional evidence of the absence of a strong 4-5 day inertia-gravi-
ty signal at Truk and Galapagos was found in Section 3.C, where it was
shown that sea level at both islands is coherent with atmospheric pressure
at 4-6 days. We concluded that the sea level energy at both islands at
4-6 days is probably due to a barotropic planetary mode of the Pacific
basin.
The zonal variability of inertia-gravity wave energy, found above for
the Pacific, indicates that a "universal" spectrum of equatorial inertia-
gravity waves does not exist for the lowest modes. More important, the
zonal variability suggests a significant change in the dynamcs of equa-
torial inertia-gravity waves as a function of longitude. Topography,
meridional boundaries and zonal variations of the atmospheric forcing
functions may each contribute to the observed variability. For instance,
the East Pacific Rise and the Solomon Rise may inhibit vertical mode for-
mation and/or efficiently scatter low-mode energy into higher vertical
modes.
*The Majuro spectrum exhibits an excess of energy in the n=l (N5-day) and
n-2 (N4-day) modes when compared with a simple model spectrum (Section
3.D.12). This does not alter our conclusions about zonal variations of
inertia-gravity wave energy.
139
D.3 Meridional Structure of the Gravest Inertia-Gravity Modes in
the Pacific. Following WG, we will compare the meridional distribution of
power obtained from the sea level spectra for the two lowest meridional
modes with the theoretical expressions, from (1. 27) and (1. 28) :
/J1:n
C,l E;1i IVc Hof
L H~l-I h
n li,,_,
1 i e - e:1i e ~
'"
C3. 7 a)i 3 2 f1o) .J. cr - 5 1E~+s
where r equals 1 for the first baroclinic mode. The appearance of the
factor cr 2 (=ghr) in (3. 7a) indicates that the sea level power is more
dependent upon the equivalent depth ihan lul2 or (v( 2, which, using
I'
(l.22), (1.25) and (1.27a), are:
lul: ~
,
ii I i 2
€r~ Vct(i!) fI-MI/'J
l 1. (-¿) !€ cr _ s
of h HI1_1
.(ir+s 11. iJ e - E, to. (J 1 C3. 7b),
and
"
I V i ,.
"', .,
I Vc i (2) 12 H 1.
f ~ (2-) ..
_(311'(91e. . (3.7c)
2 ~To demonstrate this point, 1'J11,,, , lul..:i and i
I v 1..1. are plotted in Figure
3.17 for two values of cl (61), where the currents have been evaluated at
z=O, t. (0):: -e (0) , and q- and s correspond to the zonal group-velocity zero
point. Because of the strong dependence of 1.111 on cl' the sea level1,1
observations are normalized using the observed eigenvalues in Table 3.11
before comparison with the theoretical structure functions computed using
ci = 3.00 mIse
Due to the existence of a 5-day barotropic planetary mode in the
Pacific (Section 3.C), and since we have shown that the lowest-mode iner-
tia-gravity wave energy is weak in the East Pacific and west of the
Marshall Islands i only those stations with more than four months of data
I/l()
(n)
II' 10' ,. o' S' 10' l\
(b)
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w 10" " u' i,'
Figure 3.17 - Theoretical meridional structures of (a) J1 , (b) "'''1.-0 ,
(c) y.l.eo for the second-meridional, first-baroclinic inertia-gravity
mode, using two values of the first-baroclinic equivalent depth. The
larger value, hi~.92 m (#1 in figures), is typical of the central
equatorial Pacific, and the smaller value, hi-.49 m, is typical of
the eastern equatorial Pacific. The abscissa is latitude and the
ordinate is log(cm2) for (a) and loge (cm/s)2) for (b) and (c).
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in the "mid-Pacific", defined as the zone within 10° of the equator
between l500W and l600E, are used in the present comparison wi th theory.
This "mid-Pacific" region includes Kwajalein and the stations in Figure
3.15 except that Jarvis is excluded for lack of data. The inclusion of
Kwaj alein sea level, already shown to be influenced by the 5-day baro-
tropic oscillation, serves to emphasize the large amplitudes of the equa-
torial inertia-gravity waves.
To obtain estimates of the sea level power in the inertia-gravity
modes, some statement about the background continuum is necessary. The
background level between 1 and 14 days is fairly uniform across the "mid-
Pacific", with some slight regional differences, such as the weakening of
of the background in the Marshall Islands seen in Figure 3.l8a where the
sea level spectrum of Majuro is superimposed on Canton's spectrum. The
remarkably similar spectra from Canton and Christmas (Figure 3. l8b)) which
have by far the longest datasets, led to a choice of representation of the
background level in the "mid-Pacific" of the form A w-y~, where W is fre-
/ ' A -~/zquency in cycles hour. The function ùÙ is plotted in Figure 3.l8b for
A= .l7. This background level is subtracted from each of the "mid-Pacific"
sea level spectra before estimating the power in the inertia-gravity modes,
to avoid the introduction of "spurious" meridional structure due to dif-
ferences in the background levels from station to station, as pointed out
by WG. It should be noted that there are significant variations in the
background levels of tropical sea level spectra outside the Itmid-Pacific"
regions, as can be seen in Figure 3.l8c where the sea level spectrum from
Johnston (see Figure 3.2b) is superimposed on Canton's spectrum. The
variability in Figure 3.l8c is not the result of stronger atmospheric
pressure fluctuations. which dominate sea level at mid-latitudes (Wunsch
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(1972)), but can be shown to be due to fluctuations in the surface wind.
The theoretical structures (equation (3.7n)) of the two gravest
TIicridional modes for the first baroclinic mode are plotted in Figure 3.19,
where c1 =3.00 m/s and ~ and s correspond to the zero zonal group-velocity
point. Superimposed on the theoretical curves are normalized estimates
of the power obtained from sea level spectra of stations in the r'mid-
Pacific" with more than four months of data. The choice of the amplitude,
v , of each theoretical mode is somewhat arbitrary. Emphasis was placed
c
on matching the most reliable observations, that is, Canton and Christmas,
with the theoretical curves. The results are satisfactory since there
are few observations which differ from the theoretical curves by more
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Figure 3.19 - Comparison of the observed spatial distribution of sea
level power, at 4 and 5 days, with theory. Power density estimates
are averages over peak-centered bands of width Ac.- '.1- 10. c:ph .
cl-3.00 m/s for the theoretical construction. (a) n=l mode at 5.2 days.
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11-+5
than the 951 confidence bands (i. e., Fanning in Figure 3. 19a, Maj uro in
Figure 3. 19b, and Kwajalein in Figures 3.l9a and b). The power density
-J¡estimates are averages over the bandwidth Liw:=9o 1 x 10 cph centered on
the peaks. 2 2For the plotted curves, V =1.57 (.39) (m/s) /cph for n=l(2).
c
Figure 3.19 displays slightly better agreement between theory and ob-
servations than the similar Figures 9 and 10 of WG. (Note that WG use
confidence intervals that are one standard deviation of chi-squared wide.)
The major improvement is in the fit for mode n = 2, where in WG the "KU"
data point at 5°N, supposedly Kusaie Is., was accidentally obtained from
i"
I
an analysis of Majuro data (at 7°N). There is not enough continuous sea .;
level data from Kusaie to compute a power density spectrum that resolves
the inertia-gravity waves. Also, with two years of data from Nauru
(0°32'5) the equatorial node for mode n = 2 is well-determned, whereas
only three months of data from Jarvis (0023'S) was available to WG. We
have not included the Jarvis data in Figure 3.19 since the 95% error bars
are so large they obviate its usefulness (but compare Jarvis and Nauru in
Figure 3.15). The improved fit for n = 2 argues against the existence of
a non-resonant, forced n=l mode at 4 days period, as was suggested by
Philander ((1978); p. 39).
Without an objective criterion for goodness-of-fit, and without more
stations to resolve the meridional structure, it is not enlightening to
construct comparisons like Figure 3.19 for the higher meridional modes.
0.4. Identification of Higher Meridional Modes, n)2. It has already
been shown in Section 3.D.l that peaks in the sea level spectra (Figure
3.15) apparently correspond to modes as high as n a 5. Identification was
dependent upon assuming that a given peak is associated with the mode that
has a predicted period nearest to the observed peak. This results in the
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occasional identification of a high mode, such as n ~ 4 at Christmas
(Figure 3.15), without finding all the lower modes) i.e., n ~ 3 is missing
¡it Christmas. In Section 3.V.ii the consistency of the previous identifi-
cation of meridional modes will be confirmed by a spectral model of equa-
to rial inertia-gravity waves, a model which demonstrates that the parti-
cular "peak" pattern at each island is a simple consequence of the meri-
dional structures of the modes. In this section we present an additional
spectrum that suggests the occasional existence of meridional modes with
n ~ 5.
The power density spectrum for the two years when the n ~ 2 mode
(4.04 days period) was strongest at Christmas is shown in Figure 3.20a.
Several peaks at frequencies higher than that of the n'~ 2 mode are clear-
ly present, suggesting a relationship between the strengths of these peaks
and the n ~ 2 mode. Perhaps the forcing function was stronger across the
whole inertia-gravity band during these two years or perhaps the high
energy in the n ~ 2 mode is leaked to higher frequencies by nonlinear or
topographic interactions. Using the phase speed cl = 2.85 m/s (from Table
3.11) and the theoretical equation (3.6) for the periods of the meridional
modes we can compare the periods of the observed peaks in Figure 3. 20a
with theory (Table 3.12).
Table 3.12
Period (days)
Mode Number 1 2 3 4 5 6 7 8 9
,Computed for
ci~2.85 m/s 5.28 4.05 3.42 3.01 2.72 2.50 2.33 2.19 2.07
Observed-Christmas
(Fig. 3.20a) 5.30 4.04 3.07 2.50 2.09
Observed~Christmas
(Fig. 3.2 Ob) 5.30 ff.04 3.07 2.18
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3.l2).
D.5 Inertia-Gravity Wave Signals in Indian Ocean Sea Level Data.
Four near-equatorial sea level spectra from the Indian Ocean are presented
in Figure 3.21. Two other stations, more lIcoastal" than "open ocean,"
have been excluded from Figure 3.21 (see Figure 3.3 and Table 3.1). Sub-
sets of the data from three of the stations (all but Minicoy) have been
previously examined by Wunsch (l976) for inertia-gravity waves, but we
can slightly improve upon his observat ions.
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There is good reason to believe that the distinct peaks in the "mid-
Pacific" sea level spectra, which we have argued are due to equatorial
inertia-gravity waves. will not be present in the Indian Ocean sea level
spectra. The Indian Ocean is narrower in longitude* with rough topography
in half the basin. Therefore, one might expect that vertical normal modes
will not be established and that resonance near the zero zonal group
velocity points will not occur. However, there is as much energy in the
equatorial surface winds at 4-5 days in the Indian Ocean (Figures 2.4 and
2.15) as in the Pacific (Figures 2.3 and 2.14), although the wavenumber
spectra of the Indian Ocean winds is not known.
The spectra from both Addu Atoll (0034's) and Port Victoria (4°37' S)
have an apparent peak at about 6 days period (although neither peak is
statistically significant at the 95% level). If the peak is identified
as due to the n = 1 meridional mode then cl (= vghi )must be "'2.2 m/s.
Using three hydrographic stations from the equatorial Indian Ocean, Wunsch
(1976) estimated cl to be between 2.3 and 2.7 m/s. Using Bell et al. 's
(1974) data (as in Section 3.D.l) we find ci~2.4 mls near Port Victoria
and ci~2.5 mls near Addu AtolL. The difference between the required
c~2.2 mls and ci~2.4 -2.5 m/s is not significant considering the paucity
of data. In subsequent discussions of the Indian Ocean sea level spectra
we'll use ci=2.5 m/s.
Additional suggestions of low-mode inertia-gravity wave energy in
Indian Ocean sea level spectra are provided by the superpositions of
Indian and Pacific Ocean spectra from similar latitudes. The sea level
*The width of the Indian Ocean at the equator is actually less than any
wavelength of the first-baroclinic mode inertia-gravity waves néar the
zero; zonal group velocity points.
1. ') 1.
spectra from Addu Atoll (0034'S), Port Victoria (4°37'S) and Diego Garcia
(7°14'S) are superimposed on the Pacific sea level spectra from Nauru
(0032'S), Hull (4°30'S) and Majuro (7°l0IN), respectively, in Figure 3.22.
Since the theoretical periods of the inertia-gravity peaks (presumed to
be at the zero zonal group velocity points) are proportional to ~, the
Indian Ocean sea level spectra have been displaced to higher frequencies,
relative to the Pacific spectra, by an amount (using 3.6):
A'/ = 10 (((JI.n)PHI~ICJ :: 10 r (fe ) 
PAC 
j (~I.n)2:"'~IAI¡ ~ L (.r )rND \ ¡,fJ:: o~ - ::.O'3C\t,
.0
The frequency scales for both Indian and Pacific spectra are shown. The
single ordinate scale applies for both oceans.
The Addu Atoll spectrum is seen to be remarkably similar to the
Pacific's Nauru spectrum (in the inertia-gravity band). The Port Victoria
spectrum is similar to the Pacific's Hull spectrum in the inertia-gravity
band, except that Port Victoria is apparently missing its n = 3 peak.
This is possibly the result of the smaller ci in the Indian Ocean: where-
as Hull is at a maximum of the n = 3 function in the Pacific, Port
Victoria is closer to an n = 3 node than an n = 3 maximum. (See
Figure 3.l7a). The Diego Garcia spectrum is seen to be as energetic as the
Pacific's Majuro spectrum, in the inertia-gravity band, with possible
inertia-gravity peaks. Clearly, the Diego Garcia spectrum is more diffi-
cult to interpret owing to a larger background level and the proximity of
the n = i mode to the strong 9-day tide (Figure 3.21).
Figure 3.22 suggests that the first-baroclinic inertia-gravity wave
field in the Indian Ocean may be as strong as in the Pacific, and that
energy may also be concentrated near the zero zonal group velocity points
in that ocean. Could resonance occur in the Eastern Indian Ocean over the
relatively smooth Ceylon Abyssal Plain, even though the basin width is
less than any zonal wavelength of the inert1a-gr~v1ty waves near the zero
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zonal group velocity points?
We will re-examine the Indian Ocean spectra, and the points made above,
in Section 3.D.12 when we construct a spectral model of the equatorial
inertia-gravity wave field.
D.6 Sea Level Deflection Due to Higher Vertical Modes. Until this
point it has been assumed that only the first baroclinic mode will produce
fluctuations that can be detected in sea level datasets. However, a peak at
about 7 days, corresponding to the period* of the second-baroclinic, first-
meridional mode, occurs in the spectra at Christmas and Canton (Figures 3.1
and 3.lSb). Yet both stations are near nodes in the meridional structure
function of this mode. The second-baroclinic mode would seem to be excluded
as the cause of the 7. 4-day peak, unless the mode contains much more energy
than the first-baroclinic modes at 4 and 5 days.
To get an idea of the possible strengths of the sea level fluctuations
due to the higher vertical modes, we have calculated the ratio of sea level
~
J~ I , for the first few baro-,r "'41(to maximum internal displacement,
clinic modes, using simple profiles of N(z). For constant N, it is easy
11. i i
to show that -I I 0( -; , but this only crudely represents oceanic condi-
'r "'a.
tions. A more realistic profile of N(z), although still flawed, is the
exponential decay model with a surface mixed-layer:
N (~) = r
1 :, c~,
O~!(.~ J
,-O~I(.o (3.8)
With (3.8) one can study how sensitive the ratio I 'J. ,.;
1'.1....
vertical
is to details of
the stratification, such as mixed-layer depth and
scale (.. L - À -I ).
stratification
*The period is calculated from (3.6) using h2 - .28m (~ . 562) obtained
from a numerical analysis of Bell et al. 's (1974) data near Christmas.
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If, ins tend of. the definition (1.22), we let
tU1\llp1"= Re r'Î fU(01)J Vi èp1 QI(i) eisi-i:iiicd J (3.9a)
and
tti\-) = Re L î f ~ J W f Q(i) eiS¥-;2.cd 1
, (3 . 9b)
..
where q is an amplitude constant, then the Boussinesq form of equations
(1.4) - (1.6) can be separated into the horizontal structure equation
(1.23) and a vertical structure equation that is simpler than (1.l7),
that is, d ~ Q (~)
di1
+ Ni(.r) Q(z) = 0
c; J
C3.l0)
with the boundary conditions from (1. 19) :
and Q (r-):= 0 0. + 2: :: - D. (3.11a)J
Q' ~
~ Q..o 0. + ë-:: H (3.11b)c~.
~
where the origin is at the base of the mixed layer.
Equation (3.10) is simpler than the vertical structure equation for
mid-latitude internal waves (see Garrett and Munk (1972)), a simplification
resulting from the reasonable neglect of vertical acceleration in the
momentum equations. The solutions to (3.10) for z ~ 0, using the N(z)
profile in (3.8). are combinations of Bessel functions, but, unlike the
mid-latitude case (Garrett and Munk (1972)), the order is constant and not
a function of frequency. After application of the boundary conditions
(3.11), the solution to (3.10) is Q(i:):: 1 Qr~),
..
with Qr (~) -= ß.. & (H-i -h,) Jr, (ir)
c..
o.(i-~H (3.l2a)
Qr (~) ~ ß, JJ (ct. èl) J ~lJ.( r ~o (3.12b)
where Jrn(.()=.:rm(x)\('tte-~D) -((i()~(i,i)1, i:o~
. ic..
, t.J ii ~ h.
and B is an amplitude function of r.
r
1.55
The eigenvalues c are solutions to
r
~ (H-h.) ::CO' Jro (~..)JJ1 (i.) (3.13a)
If q e -~ ~) 1 , then the Bessel functions can be replaced with theirr
asymptotic expansions (Abramovitz and Stegun (1972, p. 364)), and (3.l3a),
for example, becomes
~ (H - h..) '" +~'" l~.. (e- iD - I))
CO'
(3.l3b)
The asymptotic forms are in fact very accurate (for reasonable para-
meter values) except for the two gravest vertical modes. Note that as
À ~ 0 , the constant N ocean (beneath a homogeneous mixed-layer) case is
readily obtained (e.g., Munk and Phillips (1968), for H = 0). After
,
choosing L = 1.3 km (a la Garrett and Munk (1972)), D = 4 km, H = 100m and
NO = .0065, (3.l3a) was solved numerically for hr, r = 1 to 4. These
eigenvalues are compared in Table 3.13 with eigenvalues for a constant N
ocean and with numerical solutions (Section 3.D.l) of (3.10) using Bell
et al.' s (1974) data from the Gilbert Islands.
Table 3.13
~wdel Information Equivalent Depths, h (m)i
-r
¡
".
~..
, l
rSolu-
tion Stratification ND(km) (radls)L(km) H(m) i 2 3 4
A Bell et al. (1974) 4.4 1. 3 .91 .29 .098 .053
B Exponential N(z) 4.0.0065 1.3 100
.92 .21 .089 .049
c Constant N 4.1 .0023 0l o .92 .23 .102' .058
Table 3.13 demonstrates the major inaccuracy of the exponential N(z) model,
which is that the second and third mode eigenvalues are not even reproduced
as well as with the constant N model (assuming Solution A yields the most
I 'jf)
realistic eigenvalues).
Further numerical and asymptotic solutions to (3.13a) showed that the
equivalent depths, for all r, increase when D, L, N or H increase.0
Since li ~ ') r (1-) Q" (il) , which from (3.12)Jr~) :: =Jt =w, ()r (i!) Q.. (~)
gi ves
1.. Ar (I) No r~. /, Jr, (fl.)/JJo (,..ah)=
and 1 j.\ N ~ IJJ % ( eh)\': (3.14 )
i,., 1."00
o -
~
I JJo l. ""..,c
Numerical solution of (3.14) with the parameters of Table 3.13 indicates
that to get a 1 cm sea level displacement requires maximum internal
displacements of -7, N 22, ", 43, and N 72 meters for the first, second,
third and fourth baroclinic modes, respectively. These required displace-
ments grow much faster than r, the growth rate for a cons tant N ocean:
À.~O, (3.14) I 'J.l N'l Das gives 1)..I,u~ ~ -- . Furthermore, the total modalß 1T '"
increase approximately as f as t 2 1 cm seaenergy mus t as r to maintain a
level displacement. (This last calculation has been made only for small
zonal wavenumber.)
The effect of various mixed-layer depths on the ratio of sea level
displacement to maximum internal displacement is sumrized in Figure 3.23
for several vertical modes. For high modes, the ratio decreases as H is
increased from zero. For low modes, the ratio first increases then
decreases. The general result is that as the mixed-layer depth increases
the sea level expressions of the higher modes decrease while the sea level
effect of the first baroclinic mode increases, for realistic equatorial
values of H. This suppression of the higher vertical modes is not strong
unless r ) 3.
Changes in the vertical stratification scale, L, lead to predictable
results. As L -+ 00 , the constant N case is obtained. As L ~ 0, the
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stratification approaches the two-homogeneous-Iayer limit so that higher
modes are rapidly suppressed (see Gill (1975)).
Keeping the total energy of each mode constant, sea level power falls
-2
roughly as r . Considering the maximum sea level power evident for r = 1
in Figure 3 .l5, this rate of decrease is almos t sufficient to rule out the
possible detection of second-baroclinic modes. As a graphic example of
this point, a line spectrum of sea level power is shown in Figure 3.24 for
the first three baroclinic modes up to a frequency of 1/3 cycle/day.
Constant total energy for each mode is assumed, with the energy in each
meridional mode concentrated at the zero zonal group velocity point. Super-
imposed on the line spectrum is the sea level power spectrum from Christmas.
Whether any of the modes in Figure 3.23 is actually present in the
sea level spectrum from a particular island depends, of course, on the
latitudinal structure functions. In Section 3.D.12, we return to this
question when the sea level power spectra at each island are constructed
given several assumed distributions of energy among the modes and explicit-
ly accounting for the latitudinal structures.
Finally, note that spatial (along the Pacific equator) and temporal
(at the Indian Ocean equator (Colborn (1975)) changes in the mixed-layer
depth can change ¡~l~~ by as much as 20% (Figure 3.23).
D.7 Zonal Wavenumbers and Bandwidths. Horizontal coherences of iner-
tia-gravity temperature and current fluctuations beneath the sea surface
are strongly dependent upon the zonal and vertical wavenumber bandwidths.
Since sea level is primarily responding to the first baroclinic mode,
coherence between sea level stations at the meridional-mode frequencies
can be interpreted solely in term of the zonal wavenumer and zonal
wavenumber bandwidth. Insofar as one can assume that the distribution
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of energy in ~-s space for each meridional mode is not a strong function
of vertical mode number, the sea level coherences will help determine the
energy spectrum for all vertical modes and not only for the first baro-
clinic mode. In other words, if the first baroclinic mode energy is not
anonialously distributed in ~ -s space, any spectral description of the
internal inertia-gravity wave field at the equator must be able to repro-
duce the observed sea level coherences and power density spectra.
Perhaps the most important discovery made by Groves and Grivel (1962)
in their study of equatorial sea level fluctuations was that sea level is
strongly coherent at the 4-day period over large distances (0 (2000 km)) near
the equator. Such strong coherence usually occurs only at tidal frequencies.
If the 4-day inertia-gravity oscillation were not coherent over large dis-
tances one could not, of course, estimate the zonal wavenumber or bandwidth
from the existing sea level stations.
Even with the rather large sea level dataset used here, we are hindered
by lack of data in attempts to estimate the wavenumbers and bandwidths. The
problem is a general lack of long-duration cotemporal data. One cannot
even begin to compute sea level frequency-wavenumber spectra as was done
for surface weather variables in Chapter 2. Figure 3.25 displays the sea
level coherences for the two station pairs with the most cotemporal data
in the "mid-Pacific" region defined earlier. All three stations in
Figure 3.25 have strong 4-day (n = 2 mode) power density peaks, but only
Canton and Christmas have n = 1 power density peaks at the same period
(we found in Section 3.D.I that the apparent period of the n = 1 mode at
,Arorae was anomalously large). Both coherences in Figure 3.25 have large
amplitude peaks at 4 days and the Christmas-Canton coherence amplitude is
significantly non-zero at 5 days (n a 1 mode). In general, although we
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Figure 3.25 - Sea level coherence amplitudes and phases between
(a) Christmas and Canton, (b) Canton and Arorae. Positive phase
indicates that the first station leads the second. The 95% level
of no significance for the amplitude is shown.
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have hypothesized t~at the whole 1-3 day band is dominated by inertia-
gravity waves, the coherence amplitude in Figure 3.25 does not rise above
the 95% level of no significance. This is not surprising since the
meridional modes are more closely spaced in this frequency band, and since,
because of the different meridional structures, the mix of modes is expected
to be different at each island.
The "mid-Pacific" sea level coherences with non-zero (at 95% signifi-
cance) amplitudes at 4 and 5 days are summarized in Table 3.14.
Table 3.14
No. Zonal
of Sep.
Station Pairs Years ( deg)
Christmas - Canton 10.5 14.2
Canton - Arorae 2.0 11. 5
Christmas - Fanning 2.0 1. 9
r.anton - Ocean 1. 9 18.8
Betio - Nauru 1. 5 6.1
*Error bars are 95% confidence limits.
Coherence
3.8-4.3 days
Amp. Phase*
5.0-5.8 days
Amp. Phase*
.42 BO:!15 .33 -11:39
.70 47:!16
.63 0:!17 .51 5:!24
.53 206:!37
.64 5:!32
If our original hypothesis is correct, that the inertia-gravity wave
energy responsible for the 4- and 5-day sea level power peaks is concentrated
near the zero zonal group velocity points, then the expected zonal wave-
numbers are s :: -5.2 and -4 cycles/circumference for the 5- (n = l) and
4-day (n = 2) waves, respectively. In Table 3.14, at 4 days, only the
Canton-Arorae and Christmas-Fanning coherences agree with the hypothesis,
although the latter is trivial since the stations are so close.
The most important coherence occurs for the Canton-Christmas pair,
because they are long records and because the 4-day (n a 2) mode has a
node between the stations. Given the expected s ~ -4 at 4 days, and the
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presence of the node, Christmas should lead Canton by 2370, but the observed
phase lead is only 1300. Groves and Grivel (1962) and Wunsch and Gill
(1976) previously found a 1300 phase lead using subsets of the data used
here, an observation which led Groves and Grivel to conclude that a node
did not exist between Canton and Christmas, contrary to our present belief.
Dividing the records into shorter pieces still yields a coherence phase of
roughly l30° for each piece. If there is not a node between the stations
then -10 ~ s ~ -8, which is also obtained from the Canton-Ocean coherence.
At present we do not have a good explanation for the apparent disagreement
of these coherence phases with our original hypothesis.
The 5-day (n = 1) coherence phases in Table 3.14 suggest a wavenumber
of smaller magnitude than the hypothesized s ~ -5.2, but the evidence is
inconclusive.
Wavenumber bandwidths, ß s, can be computed from the 4- and 5-day
coherence amplitudes in Table 3.14 using a procedure described by Munk
and Phillips (1968). After correction of the amplitudes for a small bias
(Jenkins and Watts (1968, p. 397)), the bandwidth is estimated as roughly
5- 10 for the n = 1 and 2 modes, the same as was found for the a tmosphe ric,
4-5 day mixed Rossby-gravity waves in the Pacific (Section 2.B.l.a).
D.8 Temporal Variability of the 4-5 Day Inertia-Gravity Power. The
stationarity and ergodicity of the inertia-gravity wave amplitudes has been
implicitly assumed in many of the foregoing analyses, where we have frequent-
ly compared data from different time periods. Yet Groves (1956) found an
amplitude of 3 cm for the 4-day oscillation at Canton, which is much larger
than our estimate of .81 cm for the rms amplitude of the 4-day wave. We
emphasize here, by example, the large variations in amplitude that can
occur for a stationary random process, and we suggest the possibility of
non-stationary annual fluctuations of the inertia~gravity wave energy at
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the equator in the Pacific.
Figure 3.26 compares power spectra of separate one-year pieces of sea
level from Canton, demonstrating the maximum variability possible in the
inertia-gravity band with one-year pieces. The dataset for Figure 3.26a
includes the three-month segment responsible for Groves i (1956) large
amplitude estimates (above). The power densities in the 3.7-5.4 day band
are 1708 ~ 600 cm2/cph and 339 + cm2/cph in Figures 3.26a and b, respec-
tively. The numbers are significantly different at the 95% level. This
result is atypical, however, as power spectra of the remaining Canton data,
and also the Christmas data) taking one year at a time, do not show signi-
ficant temporal variability of the 4-5 day power, at the 95% level.
Random fluctuations of the power in the 4-5 day band sometimes produce
spectra, from one-year-long segments, that are considerably "confused" in
terms of identifying the gravest meridional mode peaks. These spectra, of
which Figure 3.27b is an example, are, at worst, misleading. The spectrum
for the year of data preceding that for Figure 3.27b is shown in Figure
3.27a.
The unwary analyst can be further misled about the presence (or absence)
of inertia-gravity peaks in equatorial sea level spectra (and perhaps also r.
in sub-surface current and temperature spectra) by heavily smoothing the
spectra from short records to reduce the error bars (the emphasis here is
on the word "short"). For example, the spectrum of 152 days of Christmas
sea level is plotted in Figure 3.28 after box-averaging 10 (Figure 3. 28a)
and 3 (Figure 3. 28b) adj acent periodogram es tima tes. The particular year
(l97l) had rather weak inertia-gravity amplitudes. Figure 3.28a should
be compared with sub-surface current records obtained by Taft et al. (1974)
for the same time period, at a location 850 km east and 330 km south of
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Christmas (their Figure ll). Wunsch and Gill (1976) examined the Taft
et al. (1974) data in terms of inertia-gravity waves emphasizing the
presence of 4- and 5-day peaks in the current spectra, but they found it
impossible to construct a simple interpretation of the data in terms of
low mode inertia-gravity waves.
In Section 2.B.l.b, we found a significant annual fluctuation of the
4-5 day power of north wind at Canton. As expected from the coherence
between sea level and north wind at Canton (see Section 3.D.10), Canton
sea level power in the 4-5 day band also has an annual fluctuation (Figure
3.29) with the proper phase, that is, strongest in the falL. The power2 2densities in the 3.7-5.4 day band are 728 + 114 cm /cph and 421 + 68 cm /cph
in Figure 3.29a (August through October) and Figure 3.29b (February through
April), respectively. The numbers are significantly different at the 95%
level. The magnitude of this annual variation of 4-5 day sea level power
is identical to that for the north wind at Canton (see Section 2.B.l.b).
Surprisingly, however, no similar annual fluctuation of the 4-5 day power
is found at Christmas.
In view of the above results, we have come to the conclusion that, as
a rule of thumb, a minimum of two years of data from a single station is
necessary for studying the 4-5 day inertia-gravity waves at that station
and confidently relating the observations to data from other stations in
other time periods. Two years may seem rather long until one realizes that
two years contains the same number of 5-day cycles as the 40-day Internal
Wave Experiment (IWEX; Briscoe (1975)) contained 6-hour cycles.
D.9 Frequency Bandwid ths of the Inertia-Gravity Peaks. Let Q (= ::v)
be considered a normalized measure of bandwidth, where Wo is the centered
peak period of a particular inertia-gravity mode (e~ g., Tables 3.11 and 3.12) l
ll1~
and ¿lw is the frequency bandwidth of the peak at the half-power points.
Estimates of Q utilizing the Canton and Christmas spectra (Figure 3.15)
yield 8 ( Q( 19 for the n = i and 2 modes, which is a slightly larger
range than that found by Wunsch and Gill (1976). Q estimates for n = 4
and 6 (Figure 3.20a) are also well within this range. Hence, the Q does
not appear to be a strong function of frequency for the inertia-gravity
waves.
Typically, in analogy wi th simple physical system (such as harmonic
oscillators) that have discrete natural frequencies, Q is considered a
measure of dissipation. (Wunsch and Gill (1976) nnve examned the conse-
quences of this interpretation of Q for the inertia-gravity waves, although
their conclusions are questionable because of the maer in which dissipation
is incorporated into the equations of motion. See the discussion in Stevens
and White (1979).) But for inertia-gravity waves there are a numer of
alternative interpretations for the frequency bandwidth and hence Q. For
example, (1) the frequency bandwidth may reflect the distribution of
energy in frequency-wavenumber space for each mode (Figure 1.1), so that
narrow bandwidth implies that energy is concentrated near the zero zonal
group velocity points; (2) the frequency bandwidth may simply mirror the
frequency bandwidth of peaks in the atmospheric forcing fields; (3) inter-
annual and seasonal fluctuations of the density field will introduce fluc-
tuations into the values of the eigenvalue equivalent depths which directly
affect the wave peak periods (equation 3.6); and (4) nonlinear interaction
with the mean circulation can Doppler-shift the wave peak periods (McPhaden
and Knox (1979)) so fluctuations in the mean circultion will introduce
fluctuations in the peak periods.
Only the second t of the above possible explanations for the frequency
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bandwidth, lias been excluded by the analyses in this thesis. The Q of
the 4-5 day atmospheric waves at Canton is less than the oceanic Q (see
Section 2.B.l.b). In addition, no surface atmospheric variables have
peaks at either 3 or 2.5 days corresponding to the peaks in the Christmas
sea level spectrum (Figure 3.20a) and other sea level spectra. Therefore,
at the very least, we can agree with the Wunsch and Gill (1976, p. 386)
conclusion that the "observations imply that friction is small enough for
the response spectrum to have more prominent peaks than the forcing spectrum. II
D.10 Observations of Forcing. Of all the stations showing sea level
inertia-gravity peaks (Figure 3.15), only Canton has cotemporal datasets of
surface weather. The coherences between 8 years of sea level and surface
wind components (positive north and east) are shown in Figure 3.30. The
sea level - north wind coherencie is peaked at exactly the periods of the
peaks in Canton's sea level power spectrum (Figure 3.15). There is also
significant coherence between sea level and east wind in the 4-5 day band,
but the amplitude is not as strong as for sea level - north wind coherence.
(N. b., significant coherence between east and north wind at Canton occurs
only at a shorter period (3.5 days) than the peaks in Figure 3.30.)
Figure 3.30 is in good agreement with the sea level wind coherences
computed by Groves and Miyata (1967). In fact, Groves and ~liyata employed
13 years (compared to our 8) of co temporal sea level and surface weather
observations in their computations, but they lacked a formalism (i.e.,
equatorially trapped waves) within which to interpret their analyses.
Figure 3.30, and Groves and Miyata's (1967) analysis, suggest that
both the n = land n = 2 modes are predominantly driven by the north wind,
with contributions from the east wind. Contrary to these observations,
the forced, inertia-gravity wave model advanced by Wunsch and Gill (1976)
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requires that syninie~ric (n even) modes are only excited by the meridional
wind and antisyrnetric (n odd) modes are only excited by the zonal winù)~.
The problem is that WG' s parameterization of the surface wind s tress as
~
a body force, T~H , in the mixed-layer of depth H, is valid only if varia-
tions in the Coriolis parameter, f (::2.Dsine), and mixed-layer depth can
be ignored (Charney (1955)). Certainly, f cannot be considered a constant
near the equator, except at frequencies high enough so that rotation is
negligible throughout the region of interest. The body force parameteriza-
tion is frequently used in studies of the wind-driven equatorial oceans,
yet the validity of the parameterization is never addressed.
Figure 3.30 provides further evidence supporting the hypothesis that
the ocean is resonating. The figure suggests that both the 4 and 5 day
inertia-gravity waves are forced by the wind. But in Section 2.B.l we
showed that the meridional structure of the wind field is not a function
of frequency in the 4-5 day band; consequently, insofar as we have esta-
blished that the 4 and 5 day oceanic waves correspond to different meri-
dional structures, those structures must be due to the establishment of
oceanic normal modes.
The coherence amplitudes and phases for the 3.5-7 day band, from
"-'
Figure 3.30, are sumarized in Table 3.15. Positive phase indicates
that sea level leads the wind component. The phase estimates in Table 3.15
suggest that sea level in the 4-5 day band lags north wind by 20°-120°
and lags east wind by 120°-160°. The rapid phase variation in the sea level-
wind coherences in Table 3.15 is suggestive of a resonant response (WG).
Since there is no indication in Figure 3.30 that wind and sea level
are coherent at higher frequencies, we have no evidence that higher
*Moore and Philander (1977), studying the time-dependent response of the
equatorial ocean to abrupt changes in the surface wind stress, obtained the
same relationships between the symmetries of the wind forcing and the
oceanic response.
'"
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meridional modes are directly excited by the wind.
Table 3. is
Coherence~"
Period (days)
Sea Level-North WindAmp. Phase Sea Level-East Wind~ Phase
3.6l
3.91
4.28
4.72
5.27
5.95
6.84
.29 146+ 35 (. 12) (45)
.53 - 112+ 16 .23 144+48
.56 - 22+15 .36 -120+27
.33 - 94+30 .41 -157+23
.49 - 3l+18 .22 -146+51
.36 2+27 .34 -123+29
.24 2+45 .22 12..:51
*Values in parentheses have amplitudes below the 95% level of no significance.
Error bars on phase are 95% confidence limits.
D.Il Summry and Discussion. We hypothesized at the beginning of
this section that, in accordance with the linear theory of equatorially-
trapped inertia-gravity waves: (1) the ocean is in resonance, that is,
vertical and meridional modes have been established; (2) energy is con-
centrated (without specifying why) in the neighborhood of the frequency-
wavenumber points where the theoretical zonal group velocity vanishes;
(2), are first-baroclinic modes. In support of these hypotheses in the
'"
"
t
r
and (3) peaks occurring in the tropical sea level spectra, as per (1) and
Pacific, we found the following:
(1) the periods of the zero zonal group velocity points (c = 0) for thegx
first few meridional modes of the first baroclinic mode, computed
with the aid of observed density data, correspond to the periods of
observed sea level peaks at most "mid-Pacific" stations;
(2) the theoretical meridional structures of the n · 1 and 2 meridional
modes, at c · 0 for r · 1, easily account for the observed distri-gx
but ion of sea level power;
17/1
(3) the surface atmospheric fields do not have meridional dependences that
are strong functions of frequency, whereas the meridional structure of
~ea level at 5 days (n = 1 mode) is very different from the 4-day
(n = 2 mode) structure;
(4) the surface atmospheric spectra do not have peaks corresponding to the
higher meridional mode (n ) 2) peaks observed in the sea level spectra;
(5) the 4- and 5-day sea level peaks in the "mid-Pacific" have higher Q
than corresponding peaks in the surface winds; and
(6) the least convincing piece of evidence, due to the proximity of modes
in frequency space: the coherence phase between sea level records,
and between sea level and north wind, varied rapidly near the 4-day
(n = 2) period as expected for norml modes of a linear system.
On the other hand, the observed sea level-sea level coherence phases
produced ambiguous estimates of the zonal wavenumber for n = 1 and 2.
In addition, the lack of inertia-gravity peaks in the sea level
spectra, and the occurrence of sea level-air pressure coherence in the
4-5 day band, at Galapagos and Truk suggest that resonance is not occurring
in the eastern and far-west Pacific. The evidence for low-mode resonance
in the Indian Ocean is also weak.
We now consider why energy is concentrated at zero zonal group velo-
city (c = 0) points. The idea that energy accumulates where c = 0 forgx gx
equatorially-trapped waves can be traced at least as far back as Blandford
(1966), but physical explanations of the causes of the energy accumulation
have rarely been presented. There are at least three possible explanations,
representing different dynamical situations, for the observed accumulation
of low-mode inertia-gravity wave energy at c -0 in the "mid-Pacific":gx
(1) The forcing is localized in physical space. Waves for which c ~ 0gx
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propagate away from the region of forcing leaving only waves near c =0
gx
to be observed. (2) The forcing is the same strength across the basin,
but, because of the distribution of rough topography and/or the presence of
meridional boundaries, low-vertical-mode resonance occurs only in central
~
portions of the basin where there is smooth topography. Low-vertical-mode
waves generated over smooth topography that have c l 0 will propagate
gx
into regions of rough topography, and be scattered into higher vertical
modes, or will propagate into the side-wall boundary layers and be more
quickly dissipated or scattered into other meridional modes (e. g., Moore
(1968)) . The low-vertical-mode energy lost from the smooth topography
regions in this manner is not replaced since low-vertical-mode waves are
not strong in the regions of rough topography even though the assumed
forcing function is independent of position. Therefore, of all the low-
vertical-mode waves, only those near c = 0 are left to be observed in
gx
the smooth topography regions away from the boundaries. (3) The forcing
is concentrated in small negative wavenumbers corresponding to the wave-
numbers of the oceanic waves near c = o.
gx
The 3rd case above is relevant for the two gravest meridional modes
in the "mid-Pacific", given the wavenumber spectra of the surface mer i-
dional wind found in Section 2.B.l (see also Section 2.E). However,
the wavenumber distribution of the surface winds is broader at the
frequencies corresponding to the higher meridional modes in the ocean,
and no direct wind forcing of these higher modes has been detected.
(N. b., case 3 is not excluded by the fact that the oceanic waves have a
higher Q than the atmospheric forcing.)
The lst case above (forcing localized in central-western Pacific),
and possibly elements of the 2nd case (increasingly rough topography and/
or proximity to a side-wall boundary), may explain the reduction of
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low-vert ical-mode inertia-gravity wave energy from the "mid-Pacific" to the
Galapagos Islands. Only the 2nd case can explain the reduction of low-
vertical-mode inertia-gravity wave energy from the "mid-Pacific" to the west.
For the benefit of those investigators worried about aliasing by the
low-mode 4-5 day inertia-gravity waves, the amplitudes depicted in Figure
3.19 correspond to maximum surface current velocities of 4 cm/s, decreasing
towards the bottom in accordance with the first-baroclinic mode structure
function. Of course, at times the amplitude could be much larger.
D.12 Spectral Models of Equatorial Inertia-Gravity Waves. A simple
spectral model, based upon the hypothesis of resonant, linear, inertia-
gravity waves near the equator, is constructed and compared with the observed
sea level spectra (Section D. 12 .a). At each island, the relative amplitudes
of the peaks associated with the gravest meridional modes are reproduced,
a natural consequence of the different meridional structures. Computation
of the inertia-gravity model spectrum slightly poleward of the turning
latitudes of the gravest meridional modes suggests the presence of "inertial"
peaks in some sea level spectra (Section D.12.b).
Eriksen's (1979) recent extension of the "Garrett and Munk" internal
wave spectrum to the equatorial oceans is compared with sea level observa-
tions in Section D.12.c.
The two spectral models studied in this section, which take different
approaches to the specification of the energy spectrum;, emphasize the
arbitrariness of the spectral forms. Indeed, there are more degrees of
freedom in choosing the form of the equatorial internal wave spectrum than
the form of the mid-latitude spectrum, yet much less data. Some of the
unique dynamics and kinematics of the equatorial inertia-gravity waves,
which may lead to a better understanding of the characteristics of the
177
equatorial spectra, are discussed in Section D.l2.d.
D. 12. a. Si~~le Model to Explain Observed Sea Level Spectra. The
expression for the sea-surface displacement energy, obtained using the
definitions (3.9) and the corresponding solutions to (l. 23), is
J2. ( )~.i (d Qr (iL)) A.l h. E.i1 -J€ 9'1 I H l:iI'.r,o' "i d", - e \\+1
~ ff. rr - S J in Hl\-iK.cr+s , r ~ 1,1)..n = 1,1,.. . (3.15)
A2 is a normalization constant which is chosen, following Eriksen (1979),
so that í1 is only a function of EH (h¡r¡a") , the total average energy/
unit surface area/unit frequency; that is, Ë H is defined by
11 00
E. " L ~. J f (u'. v' · ~: ;: ) de d, J / ¡ 'T J
-D -00
(3.16)
where (¡J1~~ J is the width of the equatorial waveguide for meri-
dional mode n of baroclinic mode r.
With the Brunt-VHisM1M profile (3.8), Q (z) is given by (3.12).
r
Separating the vertical structure functions from the horizontal functions
in (3.16), B in (3.l2) is determined by normalizing the Q , such thatr r
ft! N.lQ1 ¡"(dQ)2.
~ t di ~ -d t d'i
- D c. -D ~ :: (J.17a)
so tha t
f 4 1 - YzBr:: ~: Ii JJ2.(1.).rl+ À.lii; (H-h,tj -ri~.i J (3.17b)
Evaluation of the second integral in (3.16), over e , finally yields
A1 :: ili ¡.zh n! 11)"', rI_ !€ (1"+1)
(ftcr-S)2
r; J - i+ "E. h
(If (T + S)1
(3.18 )
J
so
EH (~,r,O'):: io îi (n,r)C7) (3.19)
Relationships analogous to (3.15) and (3.18) for the inertia-gravity waves
can also be obtained for the mixed Rossby-gravity and Kelvin waves, the
"
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former being obtained by setting n = 0 in (3.15) and (3.18).A2 2With the normalization above, the observed q = 2030 (1550) (m/s) /cph
, for n = 1 (2) (from Figure 3.19), where N = .0065 rad/s, A = (1.3 km) -1,
o
D = 4 km and H = 100 m have been used in (3.12), (3.13), and (3.17).*
A spectral model constructed from the observed inertia-gravity charac-
teristics, sumarized in the previous subsection, can only be a function of
frequency, since no information on baroclinic modes other than the first
has been obtained here, and since the horizontal wavenumber information
(Section 3.D.7) is ambiguous. Therefore, we assume that, after integra-
tion over the zonal wavenumber, the energy for each meridional mode, n,
is distributed as a Gaussian function of frequency centered at the fre-
quency ~n , corresponding to the zero zonal group velocity point for n.
In accordance with the results of Section 3. D. 9, the Q 0 :; ) of each
Gaussian is assumed independent of mode number. The full form of the model
spectrum is given by
E H :. K A (~) B (0', n) (3.20a)
where
A(,) = fh, (i~ fSr/~:' !h \1 + ÆJ (3. 20b )
and ß (o',n) =-0;:4 ',~Q exp i-:i.7S q1 (1- ;.n r J (3.20c)
where the symbols are as previously defined.
The vertical wavenumber dependence, A(r), is included in the spectrum
so we can test whether the second and/or third baroclinic modes will pro-
duce a measurable deflection of sea level. The form of A(r) was chosen
*If we had instead assumed that q2 is only a
u2it zonal distance/~nit frequency (i.e.,'E
q = 400 (391) (m/s) /cph for n = 1 (2). x
function of E , the total energy/
-E -I/"i r: x)' h
= H' 2£. lln~1 , t en
1 ¡ ()
so that, like Eriksen's (1979) spectru~ the vertical dependence asymptotes
to a -2 power law at high frequency and high baroclinic mode number (after
sumtion over the meridional modes), thus matching the slope of the
mid-latitude internal wave spectrum. A(r) weights the lowest vertical
modes more heavily at all frequencies than the vertical wavenumber depen-
dence used by Eriksen (1979) (see Equation 3.21).
The exponent of ~O" in (3. 20c) is chosen so that the spectrum asymp-
-2totes to a ~ dependence as ~ increases, in agreement with the observed
sea level slope between 1 and 2.5 days in the "mid-Pacific" (Figure 3.l8b).
The observed frequency-dependence of internal wave displacement spectra
at mid-latitude is also -2
~ (Cairns (1975)).
It must be emphasized that the spectrum (3.20) is highly contrived
and not unique. The spectrum, in conjunction with (3.15), is meant
only to test (1) whether the particular relative amplitudes of the inertia-
gravity peaks at each island are the direct consequence of the meridional
structure functions for each mode, n; (2) whether the spectral levels between
1 and 2.5 days observed in Canton and Christmas sea level (Section 3.D.4)
can be reproduced; and (3) whether the second and/or third baroclinic modes
are necessary to achieve (1) and (2).
After numerous tests, in which the form of A(r) and B( (f ,n) were
varied somewhat, we found that (1) only the firs t meridional mode of each
baroclinic mode, other than r = 1, produces a clearly identifiable peak
in the model sea level spectra; (2) the second baroclinic mode, but not
higher modes, significantly affects the sea level spectrum (mainly by
contributing to the spectral level in the one- to three-day band); and
(3) the second meridional mode of the first-baroclinic mode ( ~ 4-day period)
has slightly more observed energy than the model spectrum (3.20) allows.
t80
With these points in mind, the spectrum (3.20) in conjunction with (3.15)
*was computed for the islands in Figure 3.15 using rmax = 2, Q = ll, hr = h6
and K = 2.82 x 105 ((m/s)2/cPh)(kg/m2), (except that K = 4.5 x 105 for the
n m 2, r = 1 mode), where K was chosen to provide the best match for
Christmas. Without loss of generality,s = 0 in (3.15) and (3.18) to
dQr
simplify the computation. The computation of from (3.12) and (3.17)
dz
-1employs À = (1.3 km) , D and H from topographic and density data (see
Section 3.D.l), and an No adjusted so that hi agrees with observed values
(Table 3.11). Varying Q does no more than change the widths of the dis-
tinguishable peaks in the model spectra.
The computed spectra are superimposed on the observed sea level spectra
of the "mid-Pacific" islands in Figure 3.31. The observed Canton spectrum
is nearly identical to the computed spectrum*, with Canton showing slightly
stronger n = 1 and 2 amplitudes than Christmas. The comparisons between
the computed and observed spectra for the remaining islands in Figure 3.31
are not bad, but are certainly not flawless. The broad observed peak at
~ 3.5 days at Fanning is seen to be due to a combination of the n = 2 and
3 modes, but the observed peak at "" 5 days (the period of the n = 1 mode
at Fanning) is not obtained from the model since Fanning is near a node
of the n = 1 mode (see Figure 3.19a). The observed Majuro spectrum has an
unexp lained excess of energy in the n = 1, 2, and 3 modes, but is nicely
matched by the model spectrum in the 1-3 day band. The stations nearest the
equator (Nauru, Ocean and Jarvis) do not have as much n = 1 energy as
computed from the model (this is clear from Figure 3.19 also). The
strongest observed peak at Hull,' at ~3.5 days, is shown to be the n = 3
*Remember that some background "noise" is present in the observed spectra
that is not included in the computed spectra, e.g., the 4-5 day barotropic
oscillation of Section 3.C.
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Figure 3. 31b
IS3
mode. but otherwise Hull's spectrum is not well-matched by the model. A
glaring discrepancy occurs at Arorae where the apparent n = 1 peak in
the observed spectrum is clearly displaced in frequency relative to the
model peak.
Much of the disagreement between the observed and model spectra is
probably a consequence of the relatively short data lengths (see Section
3.D.8 and especially Figures 3.26 and 3.27). Nonlinear interaction with
the mean equatorial currents (McPhaden and Knox (1979)) and diffraction may
produce some of the discrepancies noted above.
The computed first-meridional,second-baroclinic mode apparently
accounts for observed peaks at Fanning, Nauru, Ocean and Jarvis. but is
clearly not strong enough to explain the observed peaks at Canton and
Christmas which occur at the period of the n = 1. r = 2 mode (see Section
3.D.6).
D.l2.b Off-Equatorial Sea Level Inertial Peak~. The model spectra
for Kwajalein (8°44'N, l67°44'E) and Eniwetok (1102l'N, l62°2l'E) are
superimposed on the observed sea level spectra for these islands in Figure
3.32a. The inertial frequencies for both islands are indicated. The model
spectra have apparent "blue-shifted" inertial peaks (a consequence of the
equatorial inertia-gravity model, noted by Eriksen (l979)). These corres-
pond. although not exactly, to peaks in the observed sea level spectra.
thus solving a puzzle dating back to the work by Groves and Hannan (1968).
Superposition of the observed sea level spectra from the two islands
(Figure 3. 32b) further enhances the sugges tion of inertial peaks.
The "blue" shift of the model inertial peak can be shown to be a
direct consequence of the shapes of the meridional structure functions. in
this case the Hermite functions. The amount of the frequency shift at a
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particular latitude depends upon the distribution of energy in zonal and
vertical wavenumber space. However, the differences between the frequencies
of the observed peaks (N15% above inertial) and the model peaks ~30% above
inertial), in Figure 3.32, are probably due to the inaccuracy of the equa-
torial l-plane approximation for studying inertial waves at lOoN.
D. 12. c. Comparison of Eriksen's (l979) Model Spectrum with Observed
Sea Level Spectra. Eriksen (1979) made the first attempt at constructing
a model spectrum of inertia-gravity waves near the equator, using moored
current and temperature measurements from the western Indian Ocean. Although
his model is not unique and does not explain the upper ocean observations,
it is a significant contribution and deserves examination with regard to
the sea level spectra studied here.
Eriksen's model is, in our notation,
Eii fn,r,ff) - ~\ - €, (1-l~r3
r' (iot jhY1 ;-3t. \ r (i 5)- ii"if --€~ if -3cr r l: 1,1, ...l" c: 0,', ).,... (3.21)
where s is uniquely determined from the dispersion relations, given n,
-I'"
r and ~. For Kelvin waves, K is replaced with K/3, and (~~-e~~) is
;r-I .replaced with u Also, following Eriksen (1979), N(z) is assumed to
be constant so, after normalization by (3. 23a) ,
Qr (~) -: It sin m(l:-lD) (3.22a)
where
ni. Np and
./.:!~ (i -~)
r,1lr l"a1T~'3
(3.2 2b)
~
The model (3.21) is more sophisticated than (3.20) since the distri-
but ion of energy in zonal wavenumber space is explicitly specified.
186
Equation (3.21) is based on the observation of isotropy at high frequencies
and the requirement that the spectrum asymptote to the slopes of the
mid-latitude internal wave spectrum at high frequency and vertical wavenum-
ber.
After a numher of tests, we found that the form of N (z), either expo-
nential or constant, does not affect the computed sea level spectra of
either model more than a few percent. The only way sea level is sensitive
to the density field is through changes in the eigenvalues, h. As mentioned
r
before, the vertical mode dependence in (3.21) weights the higher modes more
heavily than our model (3.20). We still find that for computation of the
sea level spectra only the first two baroclinic modes are important.
The spectra (excluding Kelvin and mixed Rossby-gravity waves) com-
puted from (3.15), with (3.18), (3.19), (3.21) and (3.22), for Canton and
Christmas are superimposed on the observed spectra in Figure 3.33, using
r = 2 and hmax r* = h6, D = 4 (5.1) km and No' =, .00230.',~!00187) radls for
Christmas (Canton). The model spectrum for Christmas, including Kelvin
and Yanai waves, is also shown in Figure 3.33. K has been chosen so that
the -2 slope at Christmas, between 1 and 2.5 days, is well-matched by the
model. Figure 3.33 clearly indicates that Eriksen's model does not contain
enough low-meridional-mode energy, relative to the higher meridional modes,
to reproduce the observed sea level spectra in the mid-Pacific. It is also
clear from Figure 3.33 that for the first-baroclinic mode the Kelvin and
mixed Rossby-gravity waves are weighted too heavily relative to the inertia-
gravity waves.
Eriksen's (1979) model was constructed using exclusively Indian Ocean
data so it is more relevant to compare his model with observed Indian
Ocean sea level spectra than with Pacific Ocean spectra. In Figure 3.34a
~
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Figure 3.33 - Computed inertia-gravity wave sea level spectra (dashed)
from Eriksen's model, superimposed on observed sea level spectra from
(a) Canton, (b) and (c) Christmas. The model Kelvin and Yanai waves
are included in (c) only. Reference lines have a -4/3 slope. Other-
wise, as in Figure 3.1.
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Eriksen's model spectra (with and without Kelvin and mixed Rossby-gravity
waves) for Addu Atoll and Port Victoria are superimposed on the observed
spectra, with r a 2 and h * - h .max r 6
(3.15), (3.18), (3.19), (3.21), and (3.22).
(Again the relevant equations are
D = 4 km and N - .00196 rad/s,
o
so that ci = 2.5 m/s for both statiòns. The simple model spectrum devised
in the present study, (3.20), has also been computed*, in conjunction with
(3.15), (3.18), (3.19), (3.12), and (3.17), for Addu Atoll and Port Victoria
and is superimposed on the observed spectra in Figure 3. 34b. We have used\ -1Q - ll, hr* = h6, D = 4 km, H = 25 m, A = (1.3 km) , and No = .00573 rad/s
for both stations. To match the Indian Ocean sea level spectra, in both
models K is greater than the value used in the Pacific, which
is not so much a statement that there is more inertia-gravity energy in
the Indian Ocean as it is a statement that the eigenvalues are smaller in
the Indian Ocean for each vertical mode (see Section 3.D.5).
, We leave it to the reader to decide which model most satisfactorily
corresponds to the observed sea level spectra. Neither model is a perfect
match. The paucity of data is a paramount problem.
D. 12. d. Caveats. This is a good time to reiterate that the spectral
models discussed above are only preliminary attempts at modelling the
equatorial inertia-gravity wave fields. Eriksen's (1979) model, constructed
on the basis of isotropy, ignores the dispersion characteristics of the
equatorial waves, i.e., the existence of tero zonal group velocity (c =0)
gx
points near which energy may accumulate. It is curious that, although the
notion of energy accumulation near zero group velocity points is readily
accepted (Blandford (1966), Munk and Phillips (1968)), rigorous physical
explanations for this phenomenon do not exist. Some plausible explanations
*The n - 2, r - 1 mode is not given the extra energy that it was for the
Pacific Ocean.
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Figure 3.34 - Computed inertia-gravity wave sea level spectra, using
(a) Eriksen's model, and (b) the model of equation (3.20), superimposed
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points. Eriksen's model is computed with (dashed lines) and without
(solid lines) Kelvin and Yanai waves. All the model spectra were computed
assuming ci=2.5 mise Otherwise, plotted as in Figure 3.l.
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for accumulation of energy near the c = 0 points of equatorial inertia-gx
gravity waves were discussed in Section 3.D.ll.
The model (3.20) we constructed to explain the equatorial inertia-
gravi ty sea level spectra can not, of course, be used to compute coherences
and has not been tested for compatibility with Eriksen's (1979) observations.
It remains to be seen whether a frequency-wavenumber spectrum incorporating
the concept of energy accumulation near c = 0 points will provide agx
demonstrably better description of the equatorial inertia-gravity field
for vertical modes other than the first-baroclinic mode than Eriksen's
(1979) modeL.
E. Equatorially-Trapped Waves at Periods of 7-80 Days in the Pacific.
E.l 6.5-7.5 Day Inertia-Gravity Wave? We have already presented some
evidence regarding the existence of the first-meridional, second-baroclinic
mode inertia-gravity wave ('" 7-day period) in the "Mid-Pacific" sea level
spectra (Section 3.D.6 and 3.D.12; see especially Figures 3.1 and 3.l8b,
and Figure 3.31). The problem with the interpretation of the ~7-day
peak at Christmas and Canton as due to the n = 1, r = 2 mode is that the
theoretical, linear meridional structure of this mode has nodes close to
these islands, as is clear from the model summtion in Figure 3.31.
The coherence between Canton and Christmas sea level (Figure 3. 25a)
is significantly non-zero at ~ 7 days with westward phase propagation
(as required for the n = 1, r = 2 mode), but the estimated wavenumber
s ~ -3 + 1.5 (95% error bars) does not match the theoretical s ~ -7.
There is coherence between sea level and east wind at "' 7 days at
Canton (Figure 3. 30b), and a high-resolution calculation (not shown)
indicates coherence between sea level and north wind at ~ 7 days at Canton.
191
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significant amplitude at 9-10 days. Also, the 9~10 day sea level power is
not particularly robust compared to the background (see Figure 3.15) so we
cannot test whether an equatorial minimum in the power exists, as expected
for a Rossby-gravity wave. (We would also have to eliminate the 9-day
tide power before attempting this test). Consequently, there is not yet
enough evidence to identify unequivocally the presence of a resonant,
mixed Rossby-gravity wave at 9-10 days in the Pacific.
Note that there is some coherence between sea level and surface wind
at Canton at 9-10 day periods (Figure 3.30). Sea level leads north wind
by 90°.
E.3. 35-80 Day Kelvin Waves. Tropospheric waves with periods of 30-60
days have been identified in the surface wind fields of the equatorial
Pacific and Indian Oceans (see Section Z.D). The waves have characteristics
similar to Kelvin waves and have been modeled as viscous Kelvin waves by
Chang (1977). Gill (l974) was the first investigator to suggest that
excess energy in Canton's sea level spectrum at 35-80 days corresponds
to the excess zonal wind energy due to the atmospheric Kelvin wave.
The power density spectra of the longest equatorial sea level records
(Canton and Christmas in Figure 3.35) suggest the occurrence of excess
energy (broad "peaks") in the 35-80 day band. Similar "peaks", however,
also occur in the 35-80 day band of sea level spectra farther from the
equator, e.g., Kwajalein (8°44'N) and Eniwetok (llOZl'N) in Figure 3.32.
What makes the equatorial sea level "peaks" more interesting is that the
fluctuations are coherent over large zonal distances, whereas away from
the equator there is no coherence in the 35-80 day band over even relatively
short distances. Kwajalein and Eniwetok are not coherent in the 35-80 day
band although the stations are only about 650 kr apart.
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It will be shown in this section that the equatorial ocean' sresponse
to the tropospheric Kelvin wave is also a long-wavelength Kelvin wave which
can be traced from the Gilbert Islands (~ l700E) to South America. This
is the first time that propagation along the Pacific equatorial waveguide
has been observed.
Figure 3.35 displays near-equatorial sea level spectra from the eastern
Pacific, including coastal stations, along with the "mid-Pacific" Canton
and Christmas spectra. All stations have at least four years of data,
as indicated. Each spectrum has a "peak" (or, rather, "hump") of energy
in the 35-80 day band, although only the "humps" at Christmas and Talara
are significant features (at the 95% level).
More indicative than the individual power spectra, the coherences
between the stations are strong in the 35-80 day band. Figure 3.36 demon-
strates coherence in the 35-80 day band from Ocean Island (169035' E) to
Buenaventura (7705' W) . (See also the coherence between Canton and
Christmas in Figure 3.25). Table 3.16 summarizes the coherences between
equatorial Pacific stations in the 35-80 day band that are significantly
non-zero at the 95% level. The only interpretation consistent with
~,
.""~t
:(\
all of the phases in Table 3.16 is that of eastward propagation at small
wavenumber. Estimates of the zonal wavenumber are also given in Table 3.16.
The weighted average of the wavenumber estimates is 3.6 (excluding those
estimates obtained from station pairs involving South America stations).
Propagation along the South American coast is not indicated from the last
two station pairs in Table 3.16, but then they are not separated by
very large distances and are not very far from the equator.
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Table 3.16 Sea Level-Sea Level Coherences in
the 35-80 Day Band
+ Number Zonal Coherence ZonalSta tion Pair of Separation
Years (degrees) Arpl. Phase* Wavenumber
Nauru-Betio 1.5 6.0 .81 32+19 5.3+3.2
Ocean-Canton 1.9 18.8 .61 64+35 3 . 4+1. 9
Arorae-Canton 2.0 11.5 .52 38+39 3.3+3.4
Canton-Christmas 10.5 14.2 .53 50+17 3.5+1. 2
Canton-Galapagos 6.0 82.1 .41 321+32 3 . 9+0 . 4
Christmas-Galapagos 5.0 67.9 .32 209+42 3 . 1+0 . 6
Galapagos-La Libertad 4.0 8.7
.52 64+38 7 . 4+4 . 4
Galapagos- Buenaventura 3.0 12.5
.50 35+37 2.8+3.0
Buenaven.-La Libertad 3.0 .66 17+30
La Libertad-Talara 2.0
.69 -3+37
+ first.Westernmost station is listed
*Positive phase indicates that first station leads second. Error bars are
95% confidence limits.
Using the dispersion relation (1.32) for Kelvin waves, the estimate
of 5 - 3.6, and the center-frequency ~ = .010268 (T ~ 49 days), we obtain
an estimate rE ~ 351, and therefore h ~ .71 m (~9h ~ 2.65 m/s). This
value of the equivalent depth is within the bounds of our estimates of
the equivalent depth for the first-baroclinic mode in the equatorial Paci-
fic (Section 3.D. 1), suggesting that the first-baroclinic mode is established
and the ocean is resonating. The vertical group velocity for this oscil-
-ilation (assuming a constant N ocean with N ci .0023 s ; see Philander
(1978)) is large enough that a vertical mode could be established in
tV 60-80 days.
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We must reiterate that the only evidence of the existence of an
equatorially-trapped Kelvin wave is (1) eastward propagation, and (2) no
coherence in the 35-80 day band between stations within 3° of the equator
and off-equatorial stations. The only other possible equatorial waves
that could explain the eastward propagation are inertia-gravity waves J in
whi ch case J6 would have to be greater than 3.4 x 104 (hence h ( 7.5 x 10-5 m)
and the sea level deflection ( oC Jh ) would be undetectable. Given
that the 35-80 day oscillation is a Kelvin wave, the rms amplitude of
its sea level deflection at Christmas (where the observed Q A- 2) * is N 2 cm.
The corresponding rms surface zonal current is o' 8 cm/s.
The significantly non-zero coherence between sea level and surface
wind components in the 35-80 day band at Canton (Figure 3.30) is evidence
that the oceanic Kelvin wave is atmospherically forced. This forcing does
not occur in the eastern Pacific, however, since Galapagos sea level is
not coherent with the surface winds. The "40-50 day" atmospheric Kelvin
wave which dominates the surface zonal wind power spectra in the central-
western Pacific (Section 2.D), and also has a surface meridional wind
component, is probably an important factor for the existence of the oceanic
Kelvin wave, because the energy of the atmospheric wave is concentrated in
small positive wavenumbers.
Considering the strength of the atmospheric Kelvin wave in the Indian
Ocean (Section 2.D) J it seems likely that energetic equatorial waves may also
be generated in that ocean. We don't have enough data to test this
hypothesis; however, the sea level spectrum from Minicoy (Figure 3.21) is
suggestiveJ having excess energy in the 35-80 day band. It was mentioned
'~The smaller Q (.. ~), compared with the inertia-gravity wave Q range of
8-19, is the result of smaller á)~, since ów is about half the t:w in the
inertia-gravity peaks (W. is the peak-frequency and t:w is the half-power
band\.1idth) .
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in Section 2.D. that Picaut and Verstraete (1976) suspect that the 40-50
day oscillations detected along the coast of the Gulf of Guinea are also
generated by the atmospheric Kelvin wave, even though the surface expression
of the atmospheric wave is supposed to be weak in the Atlantic Ocean
(Madden and Julian (1972a)).
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CHAPTER 4
CONCLUSIONS
Over twenty years ago, Groves (1956) postulated that the 4-day peak
in the sea level spectrum from Canton was due to oceanic fluctuations that
are coupled to progressive waves in the easterly
winds. The greater regularity of the sea level
oscillation may be the result of a free period
(as yet undiscovered) in this region of the
ocean very near four days, which is in forced
resonance with the wind wave.
Not until the work of Wunsch and Gill (1976) was Groves' "free period" iden-
tified as a baroclinic, equatorially-trapped inertia-gravity wave, and
not until this work was it realized that Groves' "progressive waves in the
easterly winds" were actually the surface expression of previously-discovered
Rossby-gravity waves. We have confirmed the existence of resonant inertia-
gravity waves in the mid-Pacific and have moved toward understanding the
dynamics and kinematics of these, and other, baroclinic tropical waves.
The zonal variation of the energy of the low-mode inertia-gravity
waves that was found in the Pacific (Section 3.D.2) probably indicates a
lack of resonance in the far eastern and western equatorial Pacific.
¡o
l;
Plausible explanations for this zonal variation, utilizing the specific
dispersive characteristics of the equatorial waves, (i.e., group velocity
zero points) and the zonal amplitude structure of the forcing function, were
presented in Section 3.D.ll. The discussion emphasizes the gaps in theories
which rely upon the assumption of energy concentration near group velocity
zero points. The possible role of topography in the observed zonal distri-
bution of energy is relevant to studies of mid-latitude internal waves,
which may also\ have vertical wavenumber spectra dependent upon the local
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topography.
A s,imple spectral model, based on the assumption that the inertia-
gravity wave energy is concentrated near zero zonal group velocity points
and incorporating the first two baroclinic modes, reproduces the observed
mid-Pacific sea level spectra in the 1-6 day band (Section 3.n.12). A
comparison was made with a model that specifies the distribution of energy
in frequency-wavenumber space without regard for the dispersive properties
of the equatorial inertia-gravity waves (Eriksen (1979)). The results
clearly show that the dispersion characteristics cannot be neglected.
The model spectra, when computed at latitudes outside the equatorial
waveguide of the lowest meridional modes, take on the appearance of "blue-
shifted inertial" peaks, as first pointed out by Eriksen (1979). We have
observed these inertial peaks in several sea level spectra (Section 3.n.12).
These spectra suggest that solutions to the equatorial ß -plane equations
do not accurately describe the structure of inertial oscillations poleward
of 9° from the equator.
The possible existence of resonant, first-baroclinic mode inertia-
gravity waves in the Indian Ocean (Sections 3.n.5 and 3.D.12) raises a
perplexing question. What is the zonal structure of these inertia-gravity
waves, which have wavelengths greater than the width of the ocean?
Pragmatically ~ many oceanographers will discover that the multi-day
period equatorial waves, wi th their large thermocline fluc tua-
tions, are an important "noise" in synoptic studies of longer-period varia-
bility of the equatorial circulation.
With respect to the low-frequency dynamics of the equatorial oceans'
response to changing winds, the most important discovery here is that
fluctuations of sea level along the equator in the 35-80 day band have
20l
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